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Sir. 

I, Sherman Fong, PhD- declare and say as follow* - 

1 . I am an inventor of the above-identified patent application- 

2. I was awarded a Ph.D. in Microbiology by the University of California at Davis, CA in 

1975. 

3. After postdoctoral training and holding various research positions at Scripps Clinic and 
Research foundation, La Mla 7 CA, I joined Gencniech, Inc., South San Francisco, CA in 1987. 1 am 
currently a Senior Scientist at the Department of Immunology/Discovery Research of Genentech, Inc. 

4. My scientific Curriculum Vitae is attached to and forms part of this Declaration- 
s' l am familiar with the skin vascular permeability assay (Assay #64), which has been used 

by me and others under my supervision, to test the activities of novel polypeptides discovered in 
Genentech's Secreted Protein Discovery Initiative project. 

6. The skin vascular permeability assay, is also known in the an as the Miles assay and was 
first described by Miles and Miles in 1952 when they studied vascular responses to histamine (Miles 
A.A., and Miles E.M., J- Physiol, 1952, 118: 228-257, see Exhibit A). Since then it has been reliably 
used for identifying proinflammatory molecules. 

7, Proinflammatory molecules can directly or indirectly cause vascular permeability by 
causing immune cells to exit from the blood stream and move to the site of injury or infection. These 
proinflammatory molecules recruit cells like leukocytes which includes monocytes, macrophages, 
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basophils, and eosinophils- These^ cells secrete a range of cytokines which further recruit and activate 
other inflammatory cells to the site of injury or infection. How leukocyte* exit the vasculature and move 
to their appropriate destination of injury or infection is critical and is tightly regulated. Leukocytes move 
from the blood vessel to injured or inflamed tissues by rolling along the endothelial ceils of the blood 
vessel wall and then extravasate through the vessel wall and into the tissues (see Exhibit B). This 
diapedesis and extravasation step involves cell activation and a stable leukocytc-cndothelial cell 
interaction 

8. Hence, proinflammatory molecules are useful in treating infections, as local 
administration of the proinflammatory polypeptide would stimulate immune cells already present at the 
site of iafecuon and induce more immune cells to migrate to the site, thus removing the iufection at a 
faster rate. Examples of proinflammatory molecules that induce ueurrophib to extravasate arc MEM and 
MlP-2. Other proinflammatory may be able to activate immune cells, as shown with the CXC 
chemokincs activation of neutrophils, and the non-CXC chemokincs which are chemotactic for T 
lymphocytes (Baggiolini el «/., Adv Immunology 1994; 55-97-179 see Exhibit C). 

Inappropriate expression of proinflammatory molecules may cause an abnormal immune cell 
rtponse and lead tissue destruction. Examples of such abnormal immune reponses include at least the 
following conditions: psoriasis, inflammatory bowel disease, renal disease, arthritis, immune-mediated 
alopecia, stroke, encephalitis, Multiple Sclerosis, hepatitis, and others. Therefore, inhibitors of such 
proinflammatory molecules find use in the treatment of these conditions. Further, proinflammatory 
molecules with angiostatic properties are useful in the inhibition of angiogenesis during abnormal wound 
healing or abnormal inflammation during infection- Further, proinflammatory molecules that are also 
angiostatic are useful in treating rumors, by inhibiting the neovascularization that accompanies tumor 
growth (Strieier RM. ei al, J. BioK Chem. 1995; 270: 27348-27357 see Exhibit D). Administration of 
the proinfliimmatory polypeptide, either alone or in combination with another angiostatic factor such as 
amvVEGF, would be useful for limiting or reducing tumor growth, 

9, The Skin Vascular Permeability Assay was used to identify such proinflammatory and 
immune related molecules. Miles and Miles described this assay initially in 1952, in their work on 
vascular response to histamine (Miles A.A., and Miles E.M-> J. Physiol, 1952; (118) 228-257 supra). 
Miles and Miles solved the critical variables in the assay, such as performing the intradermal injection, 
where to inject, effects of temperature, effects of dosage, and effects of anesthetic used. Using this assay, 
Miles and Miles proved that histamine increased the capillary permeability ui the skin, thus allowing cells 
to exit the vasculature. The assay was used qualitatively until other investigators quantitated it by 
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extracting the amount of accumulated marker dye and measuring its absorbance at 620 am (Udaka et al., 
Proc Soc Exp Biol Med 1970; (133) 1 384-1387 see Exhibit E). 

10. The Skm Vascular permeability assay was used in the clinic ia determining if blood 
coagulation factor Xlll (FXIII) could be used in treating Shonlein Henoch Purpura (SHP) (Hirahara K., ct 
al., Thrombosis Res 1993; 71(2) 139-148 see Exhibit F). SHP is an immuuo vascular disease, 
characterized by hemorrhagic skin lesions, gastro-intestinal bleeding and hematuria. The physiology of 
SHP was undetermined, but destruction of FXIII by leukocytes that migrated into the area and secreted 
destructive proteases was believed to play a role. This hypothesis was tested by using antibodies raised to 
guinea pig endothelial cells. These antibodies were specific for endothelial cells and not for fibroblasts, 
and when injected into the skin of a guinea pig, caused increased vascular permeability. When FXU1 was 
mixed with On* antibody and injected, the marker dye showed less spreading, indicating that FXIII wua 
suppressing the vascular permeability and did so in a dose dependant manner. The conclusion was that 
FXIII was stabilizing the micro vasculature, leading to less permeability, and therefore FXIII may be 
useful in the treatment of SHP, 

11. The Skin Vascular Permeability assay has been confirmed by alternate experimental 
methods. Senger et al., used the Skin Vascular Permeability assay as described by Miles and determined 
that a secreted factor they called VPF (later determined to be VEGF), caused vascular permeability 
(Senger D,R, 7 ct al, Science 1983; (219) 983-985 see Exhibit C). In these experiments VPF was 
subjected to the Skin Vascular Permeability assay, the sites of injection were analyzed by light and 
electron microscopy and VPF caused vascular permeability without damaging endothelial cells or causing 
mast cell degranulation. 

12. Yeo et aL, confirmed the viability of the Skin Vascular Permeability assay by correlating 
ii with disassociariou enhanced ianthanide fluoroimmunoassay (DELFIA) results (Yeo KX, Clin. Chcm 
1992, (38) 71-75 see Exhibit H). VPF (VEGF) was first measured using the Skin Vascular Permeability 
assay by quantifying the amount of accumulated dye in the skin as described in Udaka et al, (supra). 
Ami- VPF antibodies were used to quanritate the amount of VPF in the DELFIA- This assay has 
increased sensitivity as the result is read by a fluorometer, instead of dye absorbance. The investigators 
found that the sensitivity of the DELFIA was greater than the Skin Vascular Permeability assay, but there 
was an excellent linear correlation (r= 0.94) between the two assays. 
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13. The Applicant's SkiQ Vascular Permeability assay way conducted using anesthetized 
Hairless guinea pigs. A sample of a purified PRO polypeptide or a conditioned media test sample was 
injected intradermal^ onto the backs of the test animals with 100 uL per injection sire. It was possible to 
have up to about 24 injection sites per animal. One mL of Evans Blue dye (1% in physiologic buffered 
saline), was injected intracardiac as the marker dye. Blemishes at the injection site* were then measured 
(mm diameter) after 1 hr, 6 hrs and 24 hrs post injection. Animals were sacrificed at the appropriate time 
after injecnon, and each skin injection site was biopsied and fixed in paraformaldehyde. The biopsies 
were then prepared for histopathalogic evaluation. Each site was evaluated for inflammatory cell 
infiltration into the skin. Sites with visible inflammatory cell inflammation were scored as positive. 
Polypeptides tested stimulated an immune response and induced mononuclear cell, eosinophil and PMN 
infiltrauon at the site of injection of the animal Perivascular infiltrate at the injection site was scored as 
positive; no infiltrate at the site of injecnon is scored as negative. 

An example of a positive reaction is shown in Exhibit X. The top row is injected with 
lnterleukin-8 (iL-8) control and shows no increased vascular permeability. The 2 nd row from the top is 
VEGF as a positive control. The 2 bottom rows show a positive result from a PRO polypeptide, 
performed in duplicate. 

14. It is my opinion that the PRO polypeptide that shows activity in the Skin Vascular 
permeability assay has specific, substantial and credible utilities. In the experiments performed in the 
instant application, the results of the skin vascular permeability assay were further analyzed by 
histopathologic*! examination to rule out inflammation due to endothelial cell damage or mast cell 
degranulation. Hence, the vascular permeability observed was not due to histamine release or endothelial 
cell damage. Examples of utilities include, enhancing immune cell recruitment to sues of injury or 
infection, or inhibitors to treat autoimmune diseases such as psoriasis etc. as discussed above. 
Furthermore, the angiogenic or angiostatic properties of promflammatory molecules would also find 
practical utility in controlling tumorigenesis. 

15. I declare further thai all statements made in this Declaration of my own knowledge are true 
and that all statement* made on information and belief are believed to be true and further, that these 
statements are made with the knowledge that willful statements and the like so made arc punishable by 
fine or imprisonment, or both, under Section 1 00 1 of Title i 8 of the United States Code and that such 
willful false statements may jeopardize the validity of the application or any patent granted thereon. 
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VASCULAR REACTIONS TO HISTAMINE, HISTAMINE- 
LIBERATOR AND LEUKOTAXINE IN THE SKIN OF 
GUINEA-PIGS 

By A. A. MILES and E. M. MILES 
From the National Institute far Medical Research, Mill Hill, London 

(Received 3 April 1952) 

A substantial increase in capillary permeability is a feature of acute inflamma- 
tion in bacterial infections. The present investigation is part of an attempt to 
prove an old hypothesis, namely, that this increase in permeability is mediated 
by histamine. A comparative study was made of histamine, of the histamine- 
liberator 48/80, a condensation product of p-methoxyphenylethylmethylamine 
and formaldehyde (Baltzly, Buck, de Beer & Webb, 1949), and of leukotaxine 
(Menkin, 1936, 1938a, b). 

In animals with a recently injected vital dye in their blood, the intradermal 
injection of substances that increase permeability of the blood vessels is 
followed by an accumulation of dye at the site of injection, presumably due to 
the passage of an excess of dye-stained plasma into the tissue spaces. When the 
blood flow and the vascular bed of the skin are relatively constant, differences 
in the size and intensity of stained areas of skin reflect differences in vascular 
permeability, and may be used to investigate the properties of substances that 
increase permeability in this way. Our work was confined to the skin of 
guinea-pigs, partly because much is already known about skin reactions to 
toxins and other inflammatory agents, and partly because it is a tissue readily 
studied in the intact and unanaesthetized animal— an important consideration 
with phenomena which, like the passage of dye through vascular endothelium, 
are peculiarly dependent on the state of the blood vessels in the tissue under 
test. 

MATERIALS AND METHODS 
Albino guinea-pigs, 300-450 g in weight, were used throughout. The skin of the trunk was 
depilated, after clipping away the hair, by a paste consisting of wheat flour, 350 g; talcum powder 
350 g; barium sulphide, 250 g; Castile soap powder, 50 g; and water. The depilated area was 
thoroughly washed with warm water. 

Detection of increased permeability. Neither the intradermal injection nor the pricking-in of 
histamine or 48/80 produce in the depilated skin any measurable reaction indicating change in 
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vascular permeability; and there is no trace of the wheal that characterizes the reaction of human 
skin to histamine, In the skin of animals with circulating dye, however, both substances induce 
remarkably constant effects. A 5% solution of pontamine sky blue 6X ('pontamine blue') was 
used, given intravenously in the leg in doses of 65-75 mg/kg body weight. Animals so injected are 
referred to below as * blued \ A few minutes after the injection of the dye the sites of wounds, 
of too -long application of depilating paste, and of recent careless or even firm manipulation 
of the skin, become blue. Though traumatic blueing of this kind commonly results from 
depilation, with nice judgement it is possible to depilate cleanly without damage to the skin. 
Owing to the sensitivity to trauma of blued animals, injections cannot be made into the skin 
pinched into a fold between thumb and finger; the skin must be steadied by gentle stretching over 
the underlying tissue. 

In the absence of further interference, the skin of a blued animal becomes generally and maxi- 
mally stained in 10 hr or more; but up to 6 hr after the intravenous dye, the intradermal injection 
of a substance that increases permeability results in a local increase in the intensity of blueing. 
The best contrasts were obtained within 1 hr of giving the dye. Unless otherwise stated, all our 
injections were given into the skin of the trunk posterior to the shoulder blade and anterior to the 
knee joint in the sitting animal, and omitting the thin skin about 30-40 ram on each side of the 
ventral mid-line; all solutions for injection were made up in 0 85% saline, which by itself induces 
no blueing. The volume injected was usually 01 ml., which initially raises a bleb 9-11 mm in 
diameter. With short- bevel no. 26 gauge needles, a small area of traumatic blueing 1-3 mm in 
diameter develops at the centre of the bleb. 

Skin reactions in the ears of blued animals were induced either by free-hand intradermal in- 
jections with a no. 28 needle, or by injections with a mechanically manipulated glass micro-needle 
into animals under light bromethol (avertin) anaesthesia. The micro- injections were either intra- 
dermal or made directly into the lymphatic plexus of the ear, which is readily entered via one of 
the numerous anastomosing lymphatic channels at the margin of the ear. The ears were trans- 
illuminated and observed under x 20 and x40 magnification. 

Materials. The acid phosphate of histamine was used; amounts are cited as the weight of the 
base. The specimen of 48/80 (Wellcome Research Laboratories, U.S.A.) was probably in the form 
of the dimer, trimer and tetramer (Paton, 1951), with an average molecular weight of about 540 
The leukotaxine was a single batch prepared by Dr J: H. Humphrey, by a combination of the 
methods of Cullumbine & Rydon (1946) and Spector (1951), and corresponded to the fractions 
described by Spector as active in inducing capillary permeability, containing eight to fourteen 
amino-acid residues. On this basis its molecular weight is of the order of 1500. 



RESULTS 

The mechanics of intradermal injection 
The behaviour of injected drugs is determined in part by the mechanics of 
intradermal injection. The skin of the trunk moves loosely over the underlying 
abdominal and thoracic muscles. For our purpose this movable skin may be 
described as three layers of about equal thickness (Text-fig. la). (A) Epidermis 
and dermis which together are about 1*0 mm thick, appearing on cross-section 
as a dense whitish layer, whiter in the deeper part; the dermis contains an 
extensive plexus of blood vessels (sp) round the main bodies of the glands and 
hair follicles, and a fine plexus of lymphatic channels, detectable when indian 
ink is injected into this region by a micro-needle. (B) A looser connective 
tissue about 10 mm thick, appearing on cross-section as a grey gelatinous 
layer; at its base, immediately above C, the panniculus carnosus, is a plexus 
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of blood vessels (dp) and a coarse scanty plexus of lymphatic channels, each 
joined to the corresponding upper plexus in A by relatively few vessels. (C) The 
panniculus carnosus, a muscle layer about 1*0 mm thick. 

In making an intradermal injection, the depth of the needle-tip to some 
extent determines the depth at which the bulk of the injected fluid will spread, 
but not as completely as is generally supposed. The fluid spreads outwards, 
upwards and downwards to form a lenticular mass of wet tissue (Text-fig. 16). 
When the needle tip is as low as the deepest part of B y the swelling of the skin 
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Text-fig. 1. Schematic sections of guinea-pig skin, (a) normal; (b) intradermal injection bleb; 
(c) blueing with low.dose of histamine, showing traumatic blueing /, due to needle; (d) blueing 
with high dose of histamine showing central inhibition; (e) blueing with low dose of 48/80; 
(/) blueing with high dose of 48/80, showing central inhibition, and haemorrhage, h, sp, 
dp — superficial and deep plexus of blood vessels. For definition of layers A , B and (7, see p. 229. 

is due mainly to the distension of that layer, but when it lies in the middle of B, 
or in the dermis, both B and the dermis are equally permeated by the injection 
fluid. The initial diameter of the bleb is a simple function of volume injected; 
being linearly related to log. volume (Text- fig. 3a-d). 

The initially domed injection-bleb of saline is scarcely visible after 3-4 hr. 
Some of the fluid is doubtless taken into the blood stream and some into the 
lymphatic channels; though, judging by the results of intradermal injection 
of dyes and indian ink, only a very small proportion of the injected substances 
escapes by the lymphatic channels during the first 2 hr. Other forces must be 
at work to account for the gradual disappearance of the bleb, which both 
decreases in thickness and spreads outwards. The diameter of a 0-1 ml. bleb, 
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measured under illumination by a very oblique beam of light, grows linearly 
with respect to log. time (Text-fig. 2); and on the average, blebs starting at 
10*5 mm are 19-5 mm in diameter after 2 hr and 20-5 mm after 4 hr. The rate 
of spread is much the same in freshly killed animals. The decrease in thickness 
is partly due to seepage through the muscle layer into the subcutaneous tissue, 
which becomes noticeably wet; and partly to the outward spread of the fluid. 
Of the forces responsible for the outward spread, diffusion is unlikely to play 
any large part, because the intradermal invasion of diffusible substances applied 
to the cut edge fo normal skin is small and slow (e.g. the enzyme hyaluronidase, 
Hechter, 1946). Spread probably takes place by mass movement of the fluid 
either by reason of the hydrostatic pressures engendered in the tissue during 
injection or because the tissue has an affinity for water, which moves therefore 
from the hydrated bleb to the surrounding less hydrated tissue. 
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Text- fig. 2. Growth of an intradermal bleb in the guinea-pig formed by 0*1 ml. saline. 
Each point the mean of three blebs. 

Large syringe pressures are required to initiate an intradermal bleb. In 
a series of measurements on ten guinea-pigs, this pressure varied between 
80 and 140 cm Hg; once the bleb was begun, it increased rapidly in size under 
syringe pressures of 60-100 cm Hg. Only 1-2 cm Hg were required to expel 
fluid rapidly from the unimpeded syringe needle. The tissues do not, however, 
store the energy to a degree represented by these pressures, because when the 
bleb is cut vertically across its middle, fluid oozes only very slowly from the cut 
surface. Indeed, the pressure within the bleb soon after it is made cannot be 
higher than that in the small vessels involved, because exudation from the 
vessels takes place in blebs only 3 min old (see p. 236). At this time the maximum 
pressure must therefore be less than that in the largest vessels from which 
exudation takes place; and probably does not exceed 1-2 cm Hg. That the 
occlusion of the vessels during injection is only short-lived can be seen when 



232 A. A. MILES AND E. M. MILES - 

the formation of an intradermal bleb is watched under low-power magnifica- 
tion in a transilluminated hyperaemic ear. The hyperaemia is apparently 
restored after a few seconds. In arteries 0*4-0-8 mm in diameter, the flow 
returns in 5-10 sec; and in veins 0*5-2 mm in diameter flow returns in 
30-120 sec, and initial diameter is restored in under 3 min. The high injection 
pressures are apparently needed only to tear apart the tissues at the advancing 
edge of the bleb. 

Fluid may be expressed more rapidly by gently pinching the cut edge of a 
bleb between finger and thumb. A great deal of the fluid therefore cannot be 
held by hydration of the tissues. It is presumably held in innumerable small, 
distended, interconnecting loculi in the connective tissues, and is forced out- 
wards to the periphery of the bleb by contraction of the distended tissue fibres. 
Hydration, however, may well account for the retention of some of the fluid 
in a cut bleb, as the following experiment shows. The average water content of 
pieces of muscle-free, intact skin from the trunk was about 50%; i.e. one part 
of dry matter holds about one part of water. Pieces of fresh guinea-pig skin 
were cut into 10 fx slices on a freezing microtome, washed in saline to remove 
damaged cells and the contents of the cells cut open during section, and the 
washed slices allowed to imbibe water from 0-85% saline for 30 min at 32° C. 
They were then deposited as a hard cake by centrifugation, and excess fluid 
removed from the deposit by firm pressing between sheets of filter-paper. The 
average water content of these masses was about 70%, i.e. one part of dry 
matter can hold 70/30 = 2-3 parts water. A 0*1 ml. bleb occupies about 160 mg 
of intact skin, which, if it attained the same degree of hydration as the sliced 
skin, could hold 80 x 2-3 = 184 mg water; i.e. not only the 80 mg of natural 
water, but the injected 100 mg as well. 

The dosage-response to intradermally injected substances 
The distribution in the skin of an intradermally injected substance will 
depend on its concentration and the rate at which it is adsorbed or 'fixed' by 
the tissues during the outward flow of injection fluid from the needle. A sub- 
stance that was adsorbed very little would spread with the injection fluid, and, 
according to the evidence in Text-fig. 2, would eventually produce lesions whose 
diameter was directly proportional to the diameter of the injection bleb; i.e. to 
the volume of fluid injected. Most substances, however, are adsorbed in some 
degree, and accumulate at and around the centre of the bleb. The relation of 
the bleb-diameter to lesion-diameter with different drugs can be used to 
characterize their adsorption to the tissues. It was explored for histamine, 
48/80 and leukotaxine by two methods of injection in blued animals: (a) graded 
concentrations in a constant injection-volume, and (6) graded injection- 
volumes containing a constant dose. 

'Constant-volume' measurements. Four doses of the substance under test in 
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0*1 ml., were randomized in a 4x4 Latin square on the trunk, two rows on 
each side of the spinal mid-line. Histamine, 48/80 and leukotaxine all pro- 
duced round blue lesions in the skin and in each case the lesion-diameters 
measured 30 min after injection were linearly related to the log. dose (cf. Text- 
fig. 5 a, b). The responses were subjected to analysis of variance, with the 
results exemplified in Table 1, which records a titration of histamine in three 
blued animals. The departure from linearity of the regression line of lesion- 
diameter on log. dose is insignificant. The variation between columns and rows 
is also insignificant, so that for practical purposes the skin of the more dorsal 

Table 1. Analysis of variance of a titration of histamine in a 
4-fold Latin square in three blued guinea-pigs 



Between animals 
Between columns 
Between rows 
Between doses 

Linearity 

Curvature 

Response 
Error 
Total 



Degrees of 

freedom Sum of squares 
3-2279 



2 
3 
3 
3 
I 
1 
I 

36 
47 



31275 

2- 0174 
312-7425 

72-8017 

3- 2939 
235-8784 

34-9239 
3560392 



Mean square 
1-61395 
t-0425 
0-6725 
104-2475 
72-8017 
3-2939 
235-8784 
0-9701 



Variance ratio 
1-66 
1-07 

107-46 
- 75-05 
3-40 
243- 15 



P 

>005 
>005 

<0-001 
<0 001 
>005 
<0001 



part of the guinea-pig's trunk may be considered homogeneous in its sensitivity 
to histamine. (This is not true of the thinner ventral skin, where lesions tend 
to be larger.) Each animal yields a mean of four responses per dose. The error 
term for inter-animal variation is large, but reliable comparisons between 
various treatments were obtained in other tests by using four to six animals 
per group. This linear relationship differs from that found by Bain (1949) in 
the human skin, where area of histamine whealing was proportional to log. dose. 
Linearity of diameter against log. dose holds for many substances in guinea- 
pig skin: diphtheria toxin (Miles, 1949), tuberculin in tuberculous animals 
(Wadley, 1949) and appears to hold for other bacterial antigens in hyper- 
sensitive animals, and for the lesions produced in the blued animals by various 
toxins such as the exotoxins of Clostridium ivelchii, CL oedematiens and 
Staphylococcus aureus, and for cobra venom (unpublished work). The difference 
in Bain's titration may lie in the modification of histamine spread or of wheal- 
diameter, by the copious exudation during whealing that occurs in man but 
not in the guinea-pig. 

Full 4x4 Latin-square titrations were usually made only when the signifi- 
cance of a result was in doubt; in most of the tests fewer replications of doses 
were used, partially randomized among three to six animals per group. In these 
titrations, 48/80 and leukotaxine differed from histamine mainly in the slope 
of the dosage-response lines. Slopes varied with each experiment, and par- 
ticularly with the amount of dye injected. Moreover, since the concentration 
of circulatingdye falls rapidly during the first 2 hr, slope decreases with lapse of 
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time between blueing the animal and the intradermal titration. In guinea- 
pigs receiving 65 mg/kg tested soon after its injection, the slopes for histamine 
lay between 2*8 and 3-5, for 48/80 between 1-5 and 2-0 and for leukotaxine 
between 1-5 and 4*0. The shallow slope of 48/80, which indicates an increase of 
only 1-5-2-0 mm in lesion-diameter for a 10-fold increase in concentration, 
suggests that, compared with histamine, it is strongly adsorbed to the tissues. 
It should be noted that the susceptibility of this linear dosage -response to 
statistical analysis makes possible an accurate though not very precise measure 
of the potency of each of the three substances. The method is too insensitive 
for routine assay, but was well adapted to our investigations of skin reactions. 
Thus where parallel regression lines can be fitted to two sets of log. dose- 
diameter responses, the horizontal distance between the two lines is the log. 
ratio of drug potency; and, for a given specimen of a drug, it is the log. inverse 
ratio of sensitivity to the drug. For example, in Text-fig. 56, 3 mg neoantergan 
has shifted the slope to the right by 0*43 = antilog. 2*7. That is, the neoantergan 
has decreased the 48/80-sensitivity of the animals 2*7-fold, since 2-7 x the dose 
in normal animals is required to produce the same effect in the treated animal. 

' Constant-amount 9 measurements. In this method a fixed amount of the drug 
was injected in volumes of 0-05, 0*1, 0*2 and 0-4 ml.; i.e. the concentration of 
the drug is varied. The diameter of the blebs, measured immediately after 
the injections, was linear with respect to log. volume (Text-fig. 3a, A); and, 
according to the data in Text-fig. 2, after a given period (e.g. 30 min, Text- 
fig. 3a, B) the expanded bleb -diameters would be linear, on a line parallel to that 
for the immediate bleb-diameters (Text-fig. 3 a, B). The slope of the initial bleb- 
diameters, irrespective of any lesion produced by the drug injected, is relatively 
constant in the region of 9-0. When the drug has acted the resulting lesion- 
diameters are also linear with respect to log. injection volume. Text-fig. 3a, 
C and Z>, records results with 12-5 and 50 /xgpontamine blue in unblued animals. 
The ' lesion ' here is the area of skin coloured by the injected dye. The slope of 
lesion-diameter is not' parallel to that for initial bleb-diameter, which would 
have indicated no adsorption during injection. Nor is it horizontal, which 
would have indicated an adsorption so strong that it was independent of con- 
centration within the range tested. The slope of C and D is in fact 5-5, compared 
with 9-7 for the initial bleb-diameter. Pontamine blue has a good affinity for 
skin tissue (Evans, Miles & Niven, 1948), and we would therefore expect slopes 
like C and Z), which show that as the solutions are forced outwards during 
injection, adsorption decreases with decreasing concentration of the injection 
fluid. The magnitude of the slope, compared with that for the initial bleb, is 
a reasonable inverse indicator of the affinity of the tissues for the drug. Text- 
fig. 3b~d, and Table 2 summarize similar titrations on histamine, 48/80 and 
leukotaxine; the slopes indicate that the tissue affinity is least for histamine, 
and greatest for leukotaxine. 
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The relative position of the two slopes is also informative. In Text-fig. 3a, 
the 50 line D crosses A at about 10 mm, i.e. the skin occupied by the initial 
bleb from 0-1 ml. just adsorbs the dye. The 50 fig of dye is clearly insufficient 




Volume injected (ml.) on Jog scale 



Text-fig. 3. Constant-dose intradermal titrations. Lesion -diameters plotted against log. volume 
injected. Each point the mean of twelve to sixteen lesions. In all the graphs, O — O, mean 
diameter of the initial blebs raised by the jluid injected; • — #, diameter of lesion produced 
by the substances injected, (a) pontamine blue: A, initial bleb-diaraeter; B, bleb-diameter 
after 30 min calculated from data in Text-fig. 2. G and D 7 lesion-diameters of 12-5 and 
50 fig dye. (b) Histamine, 8 fig ; <c) 48/80, 13 fig; and (d) leukotaxine, 40 M g, in blued animals 
(see pp. 234-6 and Table 2). 

to fill the 0-2 ml. bleb. It oversaturates the 0*05 ml. bleb so that as the fluid 
spreads outwards from the region initially filled by the injection, the excess of 
dye is earned some way with it; at 30 min, when the reading was taken, the 
dye has spread over 8 mm and the fluid (line B) over 12-5 mm. The intersect of 
initial bleb-diameters and lesion-diameters is thus a convenient measure of the 
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adsorbing power of the skin for a given dose of drug, though clearly it can 
give no information about the concentration gradient of the drug within the 
bleb. It is the volume in which the adsorption of the drug is so balanced that 
the minimal effective concentration is produced at the edge of the initial bleb; 
and may be called the critical volume. In Text-fig. 3a, the critical volume for 
50 of pontamine blue is 0*105 ml. 

Table 2. Slopes and critical volumes in 'constant-amount' titrations 
of histamine, 48/80 and leukotaxine 



Substance 

Histamine 
48/80 

Leukotaxine 
(Pontamine blue 



Approx. 
equimolar 
dose (fig) 

8 
13 
40 



Slope mean diameter 



Initial bleb 

8- 6 

9- 3 

8*6 
9-8 



Lesion 

6-6 

5- 2 
4 1 

6- 2 



Critical 
volume 
(ml.) 

0-400 
0012 
0058 
0105) 



For a valid comparison, the critical volumes of equimolar concentrations of 
histamine, 48/80 and leukotaxine were determined from the data in Text- 
fig. 3c-e (Table 2). 8 ^g of histamine was tested, and the approximate mole- 
cular equivalent, 13 Mg , of 48/80. The result for an equimolar amount of 
leukotaxine (40 M g) was extrapolated from the slope for 20 /xg using the value 
4*0 for the slope of a constant- volume titration. The values both for slope and 
critical volume must be regarded as very approximate. Histamine (Table 2) 
has a high Constant-amount' slope, and a high critical volume; it is thus 
relatively poorly adsorbed during injection, and the skin is relatively poor in 
adsorbing sites. Both 48/80 and leukotaxine are more strongly adsorbed, and 
the skin is richer in adsorbing sites. 

Skin reactions to histamine 

Histamine even as strong as 1*6% will not induce blueing in dyed animals 
when applied to undamaged skin. When the skin of blued animals is damaged 
by rubbing (cf. Matolsty & Matolsty, 1951) or scratching sufficient to produce 
patches of traumatic blueing, the application of 1% histamine will increase 
the size and intensity of such blueing, presumably because the drug, having 
penetrated the damaged skin, diffuses inwards from the damaged area. It is 
also possible to induce blueing by the electrophoresis of 1% histamine; the 
histamine is not however driven in uniformly, but produces irregular patches 
of blueing. In none of these tests was whealing ever observed. 

Intradermal injection in the trunk. Histamine injected intradermal^ into 
blued animals produces a round area of blueing that appears in 3-5 min and 
increases slightly in diameter and intensity during the next 7 min. In a volume 
of 0*1 ml., as little as 0-1-0-2 M g is effective; with increasing dose the blue in- 
creases in intensity and area. With amounts greater than 1-3 M g the colour 
first appears at the edge of the bleb, but gradually fills the centre. With doses 
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of 4 fig and more, the centre remains uncoloured except for the traumatic 
blueing round the site of needle-entry, and colour develops at the edge. More 
than 10-20 fig produces only a narrow band of very faint blue at the edge of 
the bleb. 

On section after 10 min, a 1 fig histamine lesion is seen to be uniformly 
stained at the skin surface, more widely stained in layer B (Text-fig. lc), and 
feebly stained in the muscle. Occasionally the staining is slightly deeper in the 
region of the two plexuses of blood vessels. With stronger doses of histamine 
(Text-fig. Id), the drug has in 10 min spread downwards and outwards so that 
there is blue exudate in the underlying subcutaneous tissues, and the abdominal 
and thoracic muscles may be stained. The other feature of the stronger dose, 
the central inhibition of blueing, is also evident in cross-section, where the 
colourless zone reaches down to the muscle layer. 

The linear response, lesion diameter on log. dose, holds with histamine for 
diameters between 5 and 17 mm: below 4 mm histamine blueing may be con- 
fused with traumatic blueing. In reading the diameters, inhibition of blueing 
at the centre is ignored even though with the higher concentrations of the drug 
only faint, thin rings of blue may be produced. The lesion-diameters measured 
on the under-surface of flayed skin are larger than those on the upper surface, 
by about 40%. This ratio is approximately constant. There is, however, no 
advantage in the measurement, because the lesions are less well defined and, 
with the bigger doses, obscured by subcutaneous blue exudate. 

Intradermal injections in the ear. Blueing of the ear, as in the trunk (see 
below), was partly inhibited by bromethol anaesthesia; but under light 
anaesthesia it was sufficiently strong for a number of useful observations 
though lesion diameters were not such a consistent guide to drug-sensitivity! 
The ear was found to be less sensitive to histamine than the skin of the trunk 
In unblued animals, concentrations of 5-1000 /xg/mL caused immediate flushing 
of the skin of the bleb, which lasted about 10 min. Stronger histamine up to 
10,000 figlml also caused immediate flush, and after 11 min an intense vaso- 
constriction, lasting 3-5 min, of the arteries traversing the bleb area. 

In blued animals, the permeability effect is visible in 1± min. The minimal 
blueing concentration was about 0-5 M g/ml. Central inhibition of blueing 
occurred at 50 M g/ml, lasting only 3 min, after which the centre of the bleb 
became blue. At 1000 M g/ml. it lasted about 16 min, unlike the central in- 
hibition by 50 figlml in the skin of the trunk, which persisted for several hours 
The results m Table 6 were obtained from blebs of 3 mm initial diameter; the 
injection volume was not measured exactly. 

With concentrations of 100 /xg/ml. the area of blueing of a 3 mm bleb was 
10 mm in diameter after 10 min. Histamine in stronger concentrations 
1000-10,000 fig, leaked into the lymphatic plexus, spread both distally and 
proximally through the freely anastomosing channels, passing back into the 
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tissues to produce an oedematous wedge-shaped area of intense blueing with 
its apex at the base of the ear where the main lymphatic ducts leave the ear 
(PL 1A, B). This is a characteristic lymphatic spread of strong histamine in 
the ear, and is also produced by strong histamine injected directly into the 
lymphatic plexus. It is evident therefore, that histamine readily passes both 
ways through lymphatic endothelium. 

Factors that change skin-reactivity to histamine in the trunk 

Temperature: Depilated animals held at 10° C react poorly to histamine ; 
those at 20° C react well ; and those at 37° C poorly and irregularly. Thus, the 
mean lesion-diameters for 3, 9 and 27 fig histamine were 6*7, 8-3 and 9*6 mm 
at 20° C, and 4-7, 5*7 and 5-9 mm in animals held at 37° C. The intensity of 
blueing was considerably less at 37° C. In this reaction to heat the guinea-pig 
is similar to man in his whealing reaction to histamine (Lewis & Grant, 
1924). 

Anaesthesia, Under ether, chloroform, chloralose, bromethol, pentobarbi- 
tone and urethane anaesthesia, blueing is greatly diminished or even abolished. 
In general, the deeper the anaesthesia, the greater the inhibition of blueing. 
After a short period of anaesthesia with ether, bromethol or chloroform, 
reactivity is sometimes restored on recovery. Loss of reactivity is accom- 
panied by a decline in the pressure of the central arteries of the ear, measured 
by a modified Grant's capsule (Miles & Niven, 1950), from 40 to 70 mm in the 
unanaesthetized state, to 20-40 mm Hg. This suggests that in the skin of the 
trunk also there is in anaesthesia a decline in blood pressure to the point where 
dye is no longer forced out into the tissues, though the permeability of the 
vessels may be increased by the histamine. However, in many recovered 
animals, in which the blood pressures in the ear have returned to normal, the 
skin of the trunk remains unresponsive; either the anaesthetic has modified 
histamine- sensitivity, or the circulation is in these areas restored less quickly 
than in the ear. 

Shock. In guinea-pigs given sublethal shocking doses of Proteus vulgaris and 
Bacterium coli endotoxins, of adenosine- triphosphate, insulin or intraperitoneal 
hypertonic glucose, reactivity to histamine is diminished; and, as in anaesthe- 
sia, the loss is associated with low blood pressure in the ear, and with low skin 
temperature (Miles & Niven, 1950). In shocked or anaesthetized blued animals, 
whose skin does not respond to histamine, it is possible to demonstrate an 
increase in capillary permeability by indirectly raising the intracapillary 
pressure. When a suction cup is applied to the skin of these animals, substantial 
blueing of a histamine-treated area is produced within 5 min, by a suction of 
10 mm Hg applied intermittently for 2—3 sec every 10 sec. 

Infection and malnutrition. Guinea-pigs suffering from spontaneous chronic 
infective abscesses, or in poor health because of heavy infection with b.c.g. 
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(Bacillus of Calmette and Guenn) or as a result of long-term partial deficiency 
of vitamin C, react poorly to histamine. aenciency 

Cortisone Reparations of adrenocortzcotrophic hormone (ACTH) and posters 

pUmtary lobe In an attempt to relate the ^tiilteTS^ 

o cortisone and ACTH to an effect on histamine sensitivity, histamme wa 

titrated in blued animals, 2-3 hr after S 

doses of cortisone (2 mg) or ACTH (1 i.u.). 

These doses had proved effective in 

diminishing tuberculin allergy in the 

guinea-pig (Long & Miles, 1950). The 

cortisone had no effect. The diameters 

of the lesions were not substantially 

changed by the ACTH, but intensity of 

staining was greatly diminished. At this 

time, the skin of the ACTH-treated 

animals was slightly colder than those of 
controls. Nearly all current preparations 
of ACTH contain some posterior lobe 
extractives, and these may have been 
responsible for the ACTH effect we ob- 
served. Certainly both 2 and 0-2 i.u. 
p.p.e., given subcutaneously 2| hr before 
the titration, diminished reactivity to 
histamine (Text-fig. 4); and here again 
the diminution was probably due to poor 
blood supply, because the skin was cooler 
than that of the controls. 

Xeoantergan. 20 M g neoantergan (mepyramine maleate) given mtradermally 
m 0-1 ml. .tself induced shght blueing of the skm; 5 „ g histamine induced ,n 
tense bluelng „ ^ neo q mjxed 

h stance gave a pale blue area 10 mm in diameter. Local neutralization by 
ne antergan as therefore possible, but not very effective. Intravenous neo" 
antergan, on the other hand, « most effective; 0-1 mg/kg almost abolished 
h.stamme blue.ng and 0-02 mg/kg diminished the efficacy of intradermal 
histamine about 9-fold (Text-fig. 5 a). "uermai 
Excepting inhibition in animals held at high atmospheric temperatures and 
by mtravenous neoantergan, most of the effects on blueing described above 
can be attributed to a decline of intravascular pressure, rtther than to in 
n.ttvity to histam.ne. The insensitivity of an abnormally warm skin may be 
due^as Lew* & Grant (1924) suggested for the human subject, to the mor 
rap.d removal of histamine in the more physiologically active tissue The 
vanety of the states m which there is inhibition of b.ueing is a warnmg tha 
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fjg histamine (log scale) 
Text-fig. 4. The depressant effect of in- 
tramuscular posterior pituitary extract 
(p.p.e.) on histamine blueing in the guinea- 
pig. Each point the mean of twelve lesions. 
A, untreated animals; B y 0-2 i.u. p.p.e. 
2-5 hr earlier; C, 2 0 i.u. p.p.e., 2-5 hr 
earlier. 
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absence of local blueing cannot safely be interpreted as absence of increase in 
capillary permeability unless there is good reason to believe that the blood 
supply to the skin and the state of the skin vessels have not been altered by 
the experimental procedure. On the other hand, it is reasonable to assume 
that a substance like histamine, which rapidly induces a deep blueing in healthy 
animals held at an atmospheric temperature of about 20° C, does so by an 
abnormal increase in capillary permeability. Histamine can act as vaso- 
dilator, but it is unlikely that the increased blueing in the guinea-pig is due 
to increased flow and exudation of dye as a result simply of vasodilatation, as 
suggested by Dekanski (1949). The rate of histamine blueing is too rapid to 
be attributable to this cause. Histamine induces in 3 min an intensity of 
blueing reached by untreated skin in 10 hr or more; i.e. the rate of accumula- 
tion of the dye is increased by over 200-fold. 
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Text-fig. 5. The effect of neoantergan (N) on blueing in the guinea-pig. Each point the mean of 
twelve or sixteen lesions, (a) Histamine, =0-02 mg/kg, A' s = average diameter of lesion 
with 0-1 mg/kg; (6) 48/80, iV=8 mg/kg; (c) leukotaxine, A 7 = 3 mg/kg. 

The time-course of the histamine effect 

The rate of 'fixation' of histamine. The 1 constant-amount' titration of hista- 
mine (Text-fig. 36, Table 2), measuring the blue area developing in 10 min, 
shows that during injection the drug is lightly adsorbed. Within 5 min, however, 
some reaction with tissue must have occurred, because the increased perme- 
ability is by that time almost fully developed. The rate of that reaction may be 
estimated by the technique of superinjection (Miles, 1949) in which a substance 
is injected through a needle painted with a trace of indian ink so that the site 
of needle entry is exactly marked; and after an interval an injection of saline 
made into the same site. If any of the injected substance is free, it will be dis- 
placed outwards by the superinjected saline beyond the periphery of the initial 
bleb, with a consequent increase in the size of the lesion ; if there is no increase, 
the injected substance has already been held fixed or destroyed by the tissues. 
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In applying the method to histamine and histamine-tiberators the evidence 
from increase in lesion-diameter is not unambiguous because the superinjected 
saline may push, not free histamine, but already-formed blue exudate, beyond 
its original confines. The ambiguity may be resolved in part by determining 
the rate at which 'exudate 1 is fixed to the tissues. To this end, guinea-pig 
serum was coloured with pontamine blue so that in an unblued animal 0*1 ml. 
stained the skin to the intensity produced by 3 fxg histamine in 0*1 ml. injected 
into a blued animal. Into the sites of injection of this fluid, 0*2 ml. saline were 
superinjected after graded intervals of time. The results were variable but in- 
dicated that some of the dyed serum was fixed within 3-4 min and the rest 
could be dislodged by superinjection up to 20 min. later. The best that can be 
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Text-fig. 6. The Exation of 3 M g histamine by guinea-pig skin. Superinjection of histamine lesions 
by 0-2 ml. saline. € = average diameter of control lesions. Each point the mean of four lesions. 

hoped for from the test is that with time the lesion-diameters decline to a 
steady value, but this will not necessarily be the same as the diameter of lesions 
left to develop without superinjection. AVhen saline was superinjected into 
blebs made in blued animals with 3 /xg histamine (Text-fig. 6) little was fixed 
in 3-4 min, a period corresponding to the latent period before blue exudation 
starts, the greater part was fixed in 4-12 min, and nearly all was fixed in 
16 min old lesions. If we allow 3 min for the fixation of the blue exudate, then 
all the histamine may be fixed in as little as 13 min, and most of it is fixed, as 
might be expected, during the period when the histamine-induced exudation 
is taking place. 

Duration of increased permeability. The duration of the histamine effect was 
measured by injecting 2 fig in 0*1 ml. at regular intervals for 30 min in an 
animal, and giving the dye intravenously immediately after the last intra- 
dermal injection; there are thus lesions varying in age from 1 to 30 min when 
the dye is injected, and lesions in which the vessels are no longer permeable do 
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not blue. It is clear from Text-fig. 76 that after 10 min the capillaries have 
recovered ; only the traumatic blueing caused by the needle remains. A similar 
result was obtained in the ear (Text-fig. la) Here the residual traumatic 
blueing due to the fine micro-needle is minimal. 
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Text-fig. 7. The duration of increased permeability in guinea-pig skin. In each case there is a 
decline to the level of traumatic blueing induced by the injection needle, (a) The ear: 
histamine, approx. 2 jig in 0 02 ml., O — O ; 48/80, 2 /ug in 0*02 ml., V — V- (&) The trunk: 
histamine, 1 in 01 ml., O — O ; 48/80, 20 /xg in 0-1 ml., ▼ — Y; 2 /zg in 0-1 ml., V — V ; 
leukotaxine, 10 ^g in 0*1 ml., □ — Q. 

Immunity to histamine. It follows that the site of a histamine injection 
remains colourless if it is 10-15 min old when dye is given. When more hista- 
mine is superinjected into such a site, blueing is either feeble or absent. The 
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injection site has become refractory— or immune— to further histamine. The 
immunity is neither solid nor regular in its manifestation; it may take the 
form of diminished area of feeble staining, as though all the tissue were partly 
immunized; or of small patches of blue from 1 to 4 mm in diameter, as though 
the blood vessels in certain areas of the injection site had escaped immuniza- 
tion. This irregularity of response partly spoils measurement of immunity in 
terms of lesion-diameter, but the differences between immune and non-immune 
tissues are usually so large that mean lesion-diameters are good enough indices 
of the change. It is clear, for example, from Table 3, that after 1 hr 9 fig 

Table 3. Immunizing action of intradermal histamine to injections 
of histamine made 1 hr later. Means of three lesions 



Immunizing 

dose of 
histamine (fig) 

Nil 

9 



Mean diameter (mm) and intensity* of reaction 
to test dose of histamine 



1 Mg 

8-5+ + 



10 + + 
6 f . 



H-3+ + 
7-8 f. 



* f-, ± , + , + + = faint, moderate, marked, intense blueing. 

induces a solid immunity to 1 fig, and a substantial immunity to 9 fig. A num- 
ber of similar experiments established that though some immunity is present 
after 10 min, when the capillaries have recovered from the immunizing dose, 
it is greatest in lesions hr old, and is passing off after 4 hr. 

Histamine in concentrations of 10-100 fxgjmh immunized the ear vessels to 
histamine. Immunity was irregular in lesions up to 35 min old, well established 
after 40 min, maximal at 2-3 hr and lasted up to 5 hr. After 40 min, 50 fig/ml 
had immunized to a test dose of 50 ftg/ml. so that the diameter and intensity 
of blueing was reduced from 9 mm+ +, in a control area to 4 mm±, in the 
immunized area; 20 fig/ml did not immunize.to 50 ftg/mL, and the immunity 
induced by 10 /xg/ml., though it protected against 10 ftg/ml., lasted only 60 min. 

The inhibition of skin-reactivity by high concentrations of histamine 

The restriction of blueing to the periphery of blebs containing 4 fig histamine 
or more may be explained in terms of the recovery of normal impermeability 
and of immunity, if we also postulate that the histamine at the centre of the 
bleb was strong enough to induce vasoconstriction of the arterioles for at 
least 10 min. As a result, the centre of the bleb would not blue during this 
time because the blood supply is cut off— a state corresponding to the inhibition 
of whealing in man by pressure-occlusion of the vessels— and by the time the 
blood supply is re-established, the central capillaries would have recovered 
from the histamine. Alternatively, the reaction of the vessels with high con- 
centrations of histamine may proceed so rapidly that the immune stage is 
reached before the preceding stage of permeability can manifest itself by the 
escape of dye. 

16-2 
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Lewis & Grant (1924) inferred that the refractory state was not due to 
occlusion of the lumen of the vessels by viscous r.b.c. or other material, because 
it could be induced in a relatively bloodless arm, and because, even though 
whealing was inhibited, vascular reactions that indicated a fully patent vascular 
bed could still be elicited. There is no anatomically convenient site in the 
guinea-pig for occlusion tests as applied by Lewis & Grant, and the dermis is 
too dense for direct observation of vascular changes. The vessels were proved 
patent by direct test. Injections of 5 or 10 fxg histamine were made at inter- 
vals, in the skin over the right scapular region of normal guinea-pigs under 
urethane anaesthesia. At the end of the series of skin injections, 4 ml. indian 
ink was put into the right axillary artery. During the preparation of this 
artery, the blood supply to the skin was interrupted for the last 2-3 min of the 
experiment. The state of the vascular bed was deduced (a) by direct observa- 
tion of the blackening of the skin; (b) from the pattern of the ink-filled vessels 
seen by low-power microscopy in excised skin areas fixed in 10% formalin, 
dehydrated and cleared with clove oil; and (c) from the distribution of ink in 
the lumen of capillaries seen in histological section of individual blebs. In tests 
by these methods on eight animals, there was no evidence of blocked vessels 
in histamine lesions from 5 to 30 min old. 

Skin reactions to 48/80 
Intradermal injection in the trunk. In the skin of blued animals, 48/80, like 
histamine, induces a round area of blueing whose diameter is linearly related 
to the log. dose injected in a constant volume of 0-1 ml. (Text-Fig. 56). The 
slope of the dose-response line is much less than that of histamine, varying 
between 1*5 and 2*0. The blueing develops in 3-5 min and is more intense than 
that produced by histamine ; the minimal effective dose distinguishable from 
traumatic blueing by the injection needle is about 0*2 pg. With doses of 2-4 /xg 
the blue first appears at the periphery of the bleb and invades the centre. In 
cross-section of 48/80 lesions the blue area is confined to the two upper layers 
of the skin (Text-fig. le). The blueing is not uniform as it is with histamine; it 
is more intense in the region of the two plexuses of blood vessels, and especially 
that immediately over the muscle layer. The 48/80 does not spread downwards 
to the subcutaneous tissues. Even with doses of 30 fig in 0*1 ml., only the upper 
part of the muscle layer is blued, and there is no blueing of subcutaneous 
tissues or underlying muscle. This is not due to absence of histamine available 
for liberation in the muscle or subcutaneous tissues, because direct injection of 
48/80 into these sites induced intense localized blueing. This difference in the 
spread of 48/80 and histamine from the injection site is not likely to be due 
to the difference in molecular weights, which are of the order of 540 for the 
trimer of 48/80 and 310 for the acid phosphate of histamine; the difference 
confirms the conclusions about the greater adsorption of 48/80 derived from 
the results of the * constant-amount 5 titrations (Text-fig. 3c and Table 2). 
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The centre of the 48/80 bleb remains unblued with doses over 5 M g; at most 
it becomes pink with a purplish tinge, and sometimes there are small patches 
of haemorrhage (Text-fig. 1/). The absence of response may in part be due to 
temporary vasoconstriction by 48/80 itself or by the histamine it liberates, 
followed by recovery of normal permeability before the vessels become patent! 
But it is to a large extent due to a more permanent damage, presumably 
thrombotic, to the blood vessels, because the pink area remains when the 
surrounding skin is blackened by intraarterial injections of indian ink ; and the 
blocking of the vessels is evident in stained sections of the ink-treated skin. 

Intradermal injection in the ear. Concentrations of 10 and 100 /xg/ml. caused 
an immediate flushing; with 10 /zg/ml. blueing started in 7 min, and with 
100 /xg/ml. in 1 j. min. Blueing in a histamine bleb develops uniformly over the 
treated area, whereas that due to 48/80 begins at the edge of the bleb and after 
5 mm, along the course of the large vessels, particularly the arteries, lying 
under it. These paravascular streaks then coalesce to form a uniformly blue 
lesion. Above 250 ^g/ml. this blueing occurs only at the periphery of the bleb. 
There is a central area whose size varies with the concentration, in which 
within 1J min, the small superficial vessels thrombose without prior constric- 
tion. The underlying larger vessels become invisible but refill with circulating 
blood after about 10 min. By this time there is very slight blueing in the 
central area, so that by naked eye the lesion is faint purplish pink in the centre 
surrounded by deep blue (PL 2A). This central thrombosis and inhibition 
persist for over 6 hr. 

Though 48/80 spreads outwards to blue an area 50-200 times that of the 
initial bleb, the resulting lesion is always round. Unlike histamine, 48/80, even 
at 10,000 fMg/ml does not leak in the lymphatic plexus beyond the confines of 
the bleb to produce a wedge-shaped blue lesion. Even when 48/80 is injected 
directly into the plexus, the blue area is approximately round (PL 2B). After 
15 min or more a blue prolongation towards the base of the ear may develop, 
but this is observably the coloration of the lymphatic ducts with blue exudate 
from the bleb; it is not due to an increased permeability of blood vessels 
adjacent to the channels, as with histamine. These observations confirm the 
conclusions from the behaviour of 48/80 lesions in the skin of the trunk, that 
it is fixed firmly and rapidly to the tissue, whereas histamine at first moves 
freely, and begins to be fixed only after 2-3 min; and that inhibition at the 
centre is due to thrombosis of the vessels. Moreover, since 48/80 lesions blue 
as fast as histamine lesions, but no faster, and since the duration of the 48/80 
effect is almost identical with that of histamine (Text-fig. 7 a), it is probable 
that 48/80 liberates histamine very quickly and its latent period is mainly that 
of the liberated histamine. 

Factors that change the skin-reactivity to 48/80. Blueing by 48/80, like that 
by histamine, is partly inhibited during anaesthesia and shock, and by 
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warming the animals in an atmosphere at 37° C. Sickly animals respond poorly 
to 48/80; this is probably not due to a diminution in the skin of histamine 
available for liberation, because the same animals are proportionally insensitive 
to histamine itself. As with histamine, most of the states Of apparent insensi- 
tivity to 48/80 appear to be due to a poor blood supply to the skin. 

Neoantergan intravenously is much less effective with 48/80 than with 
histamine. The effect of 8 mg/kg body weight 30 min before the injection of 
48/80 is shown in Text-fig. 56. Three concentrations of 48/80 and a saline 
control were titrated in blued animals, the four doses being randomized in a 
Latin square over sixteen sites. Three animals were used in each group so that 
each point is the mean of twelve readings. There is a 3-fold decrease in the 48/80 
effect. In other tests 6 mg neoantergan/kg decreased the effect 5- fold, and 
2 mg decreased it 2 -5-fold. In a few animals the neoantergan greatly diminished 
the intensity but not the area of blueing by 48/80. The relative inefficiency of 
circulating neoantergan in antagonizing 48/80 suggests that 48/80 may have 
a more direct action on capillary permeability ; histamine activity was reduced 
9-fold by 0-02 mg neoantergan/kg, whereas as much as 6 mg/kg was required 
for a 5-fold decrease of 48/80 activity. Moreover, doses up to 15 mg/kg, which 
is near the LD50 of neoantergan, did not abolish the response to 48/80. It is 
possible that at the centre of the bleb, 48/80 itself is in a sufficiently high con- 
centration to increase capillary permeability by direct action. Nevertheless, 
since the area of the 48/80 lesion is diminished by neoantergan, the drug in the 
concentrations obtaining at the edge of the lesion clearly act by li berating 
histamine. In the centre of the lesion, either the increase in permeability is 
not wholly due to histamine, or the available neoantergan is overwhelmed by 
histamine rapidly liberated by the high concentration of 48/80. 

Fixation of 48/80. Superinjection of 0*2 ml. saline into lesions of various 
ages made by 2 fig of 48/80, failed to increase the lesion-diameter after 2-3 min. 
With larger doses, 48/80 remained free for a longer period, and superinjection 
increased the lesion-diameter after 10 min or more. 

Duration. The increased permeability, as tested by late blueing, induced by 
a single dose, lasts for 7-10 min, after which it declines, so that after 20-25 min 
no blueing occurs. In the graph illustrating this recovery (Text-fig. 76), the 
arrows indicate the period between 12 and 15 min, when the blueing ceases to 
be intense and becomes relatively feeble; the decrease in lesion-diameter does 
not fully indicate the recovery of the vessels, which is substantially complete 
at 12-15 min. 

Immunity. The three experiments in Table 4 exemplify the immunity in- 
duced by 48/80 to test injection of the same substance. Thus in Expt. I, 2 ^g 
partly, and 10 fig almost wholly, immunize to test doses of 10 fig. In Expt. II, 
50 fig immunize to 50 fig to some extent after 30 min and well after 3 hr, 
whereas after 5 hr the immunity is wearing off. Immunity is maximum 
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between 1-5 and 3-5 hr (Expt. III). In the ear, a concentration of 20 /xg/ml. 
immunizes well to test doses of the same concentration. Here also, the im- 
munity is at a maximum between 1-5 and 3-5 hr, and then passes off gradually 
and is gone at 5-6 hr. 

Table 4. Immunizing action of intradermal 48/80 and histamine. Means of four to six lesions 



Expt. 
I 



Immunizing agent 
and dose (fig) 

48/80 0 
2 
10 



II 



III 



48/80 



50 



Histamine 5 



Saline 



48/80 



Saline 



30 



Age of primary 
lesion (hr) 

2 
2 
2 

0-5 

3 

5 

0-5 

3 

5 

0-5 

3 

5 

0- 5- 

1- 5 
25 
35 

4- 5 

5- 5 

6- 5 

2- 5 



Mean diameter (mm) and intensity* 
of reaction to test dose of 



48/80(10 M g) 
8*5+ + 
20 f. 
80 f. 

9 + 
1-5 f. 
4 + 

9+ + 
9+ + 
8-5 + + 

10+ + 
10-5 + 
10-5 + 

5- 2 ± 
1-8 + 
0-0 
3-8 ± 
3 3 + 

7- 2 + 

6- 2 + 

8- 7+ + 



Histamine (2 fig) 

7- 0 f. 
20 f. 
2 0 f. 

8- 5 + 
2*0 f. 
8-0 f. 

2± 
8f. 
9 + 

10+ + 
10-5 + 
10-5 + 

7-3 + 
20 f. 
0-7 ± 
5*5 + 
6*5 + 
6*7 + 
6-7 + 

6-7 + 



* Intensity: symbols as Table 3. 

The site of action of 48/80. The accumulation of blue at the level of the two 
plexuses of blood vessels in skin treated with 48/80, as compared with the more 
general blueing with histamine (Text-fig. 1) and the visible development of 
blueing along the larger vessels of similarly treated ears, suggests strongly that 
the main reservoirs of histamine available for liberation are closely associated 
with the smaller arteries and veins. The association of this histamine with 
blood vessels may also be inferred from the intensity of blueing induced in 
body skin by the two substances. The amount of histamine that can be extracted 
from the skin of the trunk is about 3/*g/g (Feldberg & Miles, unpublished work) ; 
and a 10 mm lesion occupies about 150 mg skin. The intensity of blueing 
induced by enough 48/80 to give a lesion-diameter of 10 mm is far greater 
than that produced by injecting 0*5 fig histamine (the amount that 48/80 pre- 
sumably liberates) in about 0*35 ml. saline, a volume that will give a 10 mm 
lesion (see Text-fig. U). We conclude that after injection a great deal of this 
dose of histamine is ineffective because it is distributed through relatively non- 
vascular tissue, and that the endogenous histamine which can be liberated by 
48/80 must be concentrated near or in the blood vessels. 
Cross-immunity with histamine. As already noted, the lesions developing 
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after the injection of a substance into an already-injected site are variable and 
not easily measured. Cross-immunity is nevertheless obvious by reason of a 
decline in intensity or size or both, of the blued area. Tables 3 and 4 exemplify 
the results usually obtained. Histamine and 48/80 each induces a good im- 
munity to itself; histamine induces only a fair immunity to 48/80, but 48/80 
induces a good immunity to histamine. In the ear, concentrations of 20 ^g/ml. 
of both induced a good though not marked cross-immunity between 48/80 and 
histamine. It appears, therefore, that 48/80 immunizes both by liberating 
histamine, which in turn immunizes the susceptible vessels, and either by 
exhausting the histamine which can be liberated in the skin or by interfering 
with the mechanism of release of the bound histamine not liberated by the 
immunizing dose. 

Skin reactions to leukotaxine 
In most respects, the reaction of the blood vessels to leukotaxine were 
remarkably similar to those produced by 48/80. The chief difference lay in the 
very high concentration of leukotaxine required to induce thrombosis of the 
vessels. 

Intradermal injection in the trunk and the ear. Like 48/80, leukotaxine induces 
in 3-5 min a round area of intense blueing, the diameter of which is in pro- 
portion to the log. dose in the constant-volume titration (Text-fig. Zd) and to 
the log. volume in the constant-amount titration (Text-fig. 5 c). Leukotaxine 
appears to be strongly adsorbed to the skin tissues (Table 2); minimal blueing 
dose in 0-1 ml. is about 1 fig; inhibition of blueing at the centre of the bleb may 
occur with amounts from 10 fig upwards, absent in some animals until 100- 
500 fig is reached. This inhibition is not permanent; the area blues within 
15-25 min. With large doses, 2 mg or more, small areas of permanent inhibition 
are produced. On cross-section, the blue leukotaxine blebs are like those of 
48/80 (Text-fig. le). 

In the ear, concentrations of 200 fig/ml and over induce a general dilatation 
of the small vessels within 30 sec, and a rapid blueing that starts first along 
the small vessels, then the larger veins and finally along the larger arteries 
within the bleb. When concentrations of 300 fig or more per ml. are placed near 
one of the larger veins or arteries, a narrow band of vasoconstriction may 
appear within 1 min, disappearing after 1-2 min. With concentrations above 
2*5 mg/mL, thrombosis of the vessels may occur at the centre of the bleb, 
though it is less severe and less regular in occurrence than that induced by 
48/80. The blued areas are always approximately round (cf. PI. 2B) whether 
made by intradermal or intralymphatic injection. 

Effect of anaesthesia and neoantergan. Blueing is diminished in area and 
intensity during bromethol and urethane anaesthesia. Intravenous neoanter- 
gan, 3-8 mg/kg body weight, diminishes the leukotaxine effect from 1-5- to 
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3-fold (Text-fig. 5 c); the degree of neutralization is of the same order as that 
of 48/80, but rather less marked. 

Time-course of the leukotaxine effect. By the superinjection method, putting 
0-2 ml. saline into 5 fig lesions, all the leukotaxine appeared to be fixed in 
16 min and most of it in the first 5-8 min. The capillaries of the skin treated 
with 10 fxg wholly regained their normal impermeability within 25 min; most 
of them had recovered after 10 min (Text-fig. 7 a, 6). 

Immunity. Table 5 typifies the results of several tests of leukotaxine im- 
munity. Three immunizing doses of each substance, histamine, 48/80 and 
leukotaxine were used, and immunity tested after 2 hr by superinjecting the 
lowest dose again. As is common in all such tests, immunity is best when the 

Table 5. Immunity and cross-immunity induced in the skin by leukotaxine. 
Primary lesions 2 hr old. Means of four lesions 

Mean diameter (mm) and intensity* 
of reaction to test dose of 



Histamine 


48/80 


Leukotaxine 


(2 Mg) 




(17 ^tg) 


7-4 ± 


N.T. 


7-0+ + 


7-0 ± 


N.T. 


6-2+ + 


7*1 ± 


7-0 ± 


7-4+ + 


10-0 + 


7-8+ + 


7-6+ + 


N.T. 


3-4± 


2*0 + 


N.T. 


3-5 ± 


2-2 + 


8-0± 


4*6± 


5-0 + 


9-0 + 


7 : 2+ + 


8-0+ + 


N.T. 


N.T. 


4-0 ± 


N.T. 


N.T. 


34± 


9-0 ± 


7-1 + 


4-8 ± 


95 + 


7-8+ + 


7-4 + + 



Immunizing agent 
and dose (fig) 

Histamine 8 
4 
2 
0 

48/80 20 
10 
5 
0 

Leukotaxine 67 
33 
17 
0 

* Intensity: symbols as in Table 3. 
N.T. = No test. 

immunizing dose is 4-10 times greater than the test dose. In this example 
immunity must be judged as much by decrease in intensity as by decrease in 
diameter of the blueing. Leukotaxine immunizes well to itself but only 
moderately to histamine and 48/80. Histamine immunizes moderately to itself 
and 48/80, and slightly to leukotaxine; whereas 48/80, though immunizing 
only moderately to histamine, immunizes well to itself and leukotaxine. 
Leukotaxine immunity is maximal in 1-2 hr, and has passed off by the 4th hr. 

DISCUSSION 

The study of increased permeability in the skin of the trunk of blued guinea- 
pigs has shown that after a latent period of l£-3 min, injected histamine in- 
duces a gross increase in capillary permeability, which is maximum within the 
next 5 min. In concentrations of from 1 to 100 fig/ml it can be characterized 
by the response of blued animal to varied doses in constant injection- volume 
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and to constant doses in varied injection- volume. By the superinjection of 
saline into histamine lesions of varying ages, and by the intravenous injection 
of dye at varying periods after the intradermal histamine, it can be shown 
that from 3 to 10 min free histamine is disappearing from the lesion, and the 
capillaries are recovering their normal low permeability. By the superinjection 
of histamine into recovered histamine- treated areas, it can be shown that as 
they recover, the vessels become partly immune to histamine; the immunity 
increases up to 2 hr, and declines after 4 hr. This immunity is not due to any 
interruption of the blood supply to the immunized tissues. With concentra- 
tions above 100 ^g/mL no blueing due to increased permeability is detectable. 

In the ear, the outstanding peculiarity is the high concentration required 
to produce even a 15 min inhibition of blueing at the centre of the lesion, and 
the transience of the effect with lower concentrations (p. 237 and Table 6). 

Table 6. Comparison of the approximate minimal effective concentrations of histamine, 48/80 and 
leukotaxme in the skin of the trunk {10 mm blebs) and the ear (3 mm blebs) 

Minimal effective 
concentration in /Ag/ml. 



Effect 



Blueing 



Tern porary inhi bi tion of 
blueing, and arterial con- 
striction* 

Thrombosis of blood vessels 

Leak of free drug into sur- 
rounding lymphatic plexus 



Drug 

Histamine 
48/80 

Leukotaxine 

Histamine 
48/80 

Leukotaxine 
48/80 

Leukotaxine 

Histamine 
48/80 

Leukotaxine 



Trunk 

1-2 
2 
10 

10-30 
10-30 
100 

30-50 
2500 



Ear 

0-5 
50 

50 
250 
300 

250 
5000 

1000 
> 10000 
> 10000 



* Presumed in trunk, demonstrable in ear. 

In the skin of the trunk inhibition lasts for hours. For this relative permanence 
we postulated an arterial vasoconstriction, and therefore an absence of exuda- 
tion, for periods longer than the duration of increased permeability. This 
relation does not hold in the ear because vasoconstriction is visibly relaxed 
within 3-7 min, and increased permeability lasts up to 8 min and may persist, 
though feebly, for 12-15 min. The relative insensitivity of the ear to this in- 
hibitory effect may be a reflexion of its greater vascularity; either the injected 
histamine is swept away by the blood and lymph streams more quickly or much 
of the injected histamine is taken up by receptors in the numerous small vessels, 
so that on reaching the underlying larger vessels its concentration is too low 
for vasoconstriction. As Table 6 shows, the ear displays the same relative in- 
sensitivity towards 48/80 and leukotaxine, and presumably for the same 
reasons. 
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The action of 48/80 in many ways resembles that of histamine. Both sub- 
stances have a latent period of about 3 min. When blueing starts they become 
* fixed' to the tissues; as blueing proceeds, the vessels recover their normal low 
permeability and are apparently normal at the end of 10-20 min. They are at 
this time partly immune to second doses of the same size, and the immunity 
increases for. 2 hr; and after 4 hr it begins to decline. But there are marked 
differences, which raise the question how far the release of histamine accounts 
fully for the action of 48/80 on capillary permeability? First, the distribution 
of blueing by histamine is general, but that produced by 48/80 is concentrated 
in the region of the arteries and veins in both the skin of the trunk and the ear, 
suggesting that bound histamine is localized in or near these larger vessels. 
Secondly, whereas high concentrations of histamine inhibit blueing by altering 
the immunity of the vessels, high concentrations of 48/80 do so by damaging the 
vessels so that thrombosis occurs. Thirdly, the two substances differ in their 
susceptibility to circulating neoantergan; we have to assume either that 48/80 
has a direct action on capillaries, or that the histamine it releases is less 
sensitive than injected histamine to neoantergan. Since 48/80 is well estab- 
lished as a potent histamine-liberator (Feldberg & Paton, 1951; Paton, 1951; 
Paton & Schachter, 1951) the second assumption is the more justified, particu- 
larly because insensitivity to antihistaminics is displayed by other known 
histamine-liberators (Macintosh & Paton, 1949). Although in our experiments 
complete extinction of 48/80 blueing by neoantergan was impossible, partial 
neutralization was achieved by 200 times the dose required to neutralize 
histamine to the same extent. The parallelism of dosage-response in untreated 
and neoantergan-treated animals (Text-fig. 56) is consistent with a true 
neutralization, and with the hypothesis that the unneutralized blueing is due 
to some 'pharmacological inaccessibility 5 of the liberated histamine rather 
than to a direct action of 48/80on the capillaries. This inaccessibility may result 
from the ready adsorption of 48/80 to the tissues, and the concentration of the 
depots of available histamine near the blood vessels. This histamine is perhaps 
'intrinsic' in Dale's (1948) sense that it is released from the cells on which it 
acts. Our observations are not exact enough to decide this point. But what- 
ever reason for the relative inefficacy of neoantergan with 48/80, the fact 
indicates that we need not demand of a presumed histamine-liberator that its 
susceptibility to inhibition by neoantergan shall be of the same order as that 
of histamine. 

Our observations on 48/80 provide a pattern of the intradermal behaviour 
of a histamine-liberator, for comparison with substances like leukotaxine, 
whose capacity to liberate histamine is in doubt. Menkin (1936, 1938a, 6) 
isolated leukotaxine from sterile inflammatory exudates, and described ' its 
capacity to increase capillary permeability. Later work (Duthie & Chain, 
1939; Spector, 1951) proved it to be a family of positively chemotactic 
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polypeptides, of which the larger members have this action on the capillaries. 
Rocha e Silva & Dragstedt (1941) postulated that leukotaxine acted via 
histamine, and Dekanski (1949) showed that on intradermal injection it in- 
creased the histamine equivalent in cat's skin, and that its 'blueing' action 
was neutralized by neoantergan. Menkin (1936, 1938a), and Cullumbine & 
Rydon (1946) deny the mediation of histamine because leukotaxine does not 
cause contraction in isolated smooth muscle, and the blueing is not antag- 
onized by neoantergan (Cullumbine, 1947). We shall not, however, expect 
a histamine-liberator to cause isolated smooth muscle to contract. Menkin 
(1938a) showed that leukotaxine did not do so; but neither does 48/80 (Pa ton, 
1951). Nor is Cullumbine's failure to detect a neoantergan effect by roughly 
quantitative tests unexpected. Leukotaxine in the skin can have a very 
shallow dosage-response slope, so that as much as a 10 -fold drop in potency 
might diminish the diameter of the lesion by as little as 2 mm. Unless the 
neutralization test is made at several dose-levels in several animals, a 
genuine though small neutralization effect might well be missed. The relative 
insusceptibility of leukotaxine to neoantergan may well be determined by 
factors responsible for the similar behaviour of 48/80 and other liberators. 
Leukotaxine differs from histamine in spreading less readily through the tissues 
after local injection, as first recorded by Menkin, and in failing to induce in- 
hibition at the centre of injection blebs, except in high concentrations. If it 
acts solely by histamine-liberation, inhibition of blueing may be impossible 
because there is not enough histamine to reach required concentration, even 
though it is localized round the vessels upon which it ultimately acts. An 
inhibiting dose of histamine, say 5 /xg, produces a lesion about 8 mm in dia- 
meter, involving about 60 mg of skin. Ignoring spread to adjacent tissues, we 
arrive at an average inhibiting concentration of 83 fig histamine/g skin; 
whereas the normal content of extractable histamine in the skin of the trunk 
is of the order of 3 jLtg/g (W. Feldberg & A. A. Miles, unpublished work). This 
histamine is presumably all available for liberation. Leukotaxine, except for its 
inability to induce thrombosis in moderate concentrations, behaves in most 
respects like 48/80. Both these substances resemble histamine in several 
respects, notably the similarity of the time-course of blueing (the lag period 
and duration of permeability) and in the induction and duration of immunity. 

We can attach weight to these likenesses as a proof that leukotaxine acts 
through histamine if the effects are peculiar to histamine. This may well be so, 
but it should be noted that the time-course of blueing, and duration of 
permeability is shared by a large number of blueing substances besides 48/80, 
e.g. neoarsphenamine, stilbamidine, acetylcholine, peptone and hypotonic 
saline (unpublished work) ; and though some of these substances are probably 
histamine-liberators, the time course of their effect may reflect very general 
properties of vascular endothelium. The evidence obtained from the cross- 
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immunization tests, which are summarized in Table 7, may be misleading for 
a similar reason, that in the endothelium there is only one kind of site which 
is affected, and made resistant, by a wide variety of substances. In addition, 
cross-immunity between substances other than histamine does not necessarily 
imply the same site of action. Cross-immunity between histamine and another 
substance may well be an expression of true histamine immunity ; but cross- 
immunity between two presumed histamine-liberators may be due either" to 
exhaustion of the available histamine, to the immunization of vessels by 
liberated histamine or to an inhibition of the mechanism of histamine release. 

Table 7. Summary of testa of immunity and cross-immunity to increased 
capillary permeability in the skin 

Immunity 



Tested with 



Induced by 

Histamine 
48/80 

Leukotaxine 



Histamine 

+ + 
+ + + 
4- + 



48/80 
+ 

+ + + 
+ 



Leukotaxine 
+ 

+ +- 4- 
+ + + 



+ 9 + +» + + + ^moderate, good and marked immunity. 

It should be noted here that we have used the very general terms 'immunity' 
and ' immunization ' in this connexion, rather than 'refractoriness' or 'refrac- 
tory state ' because we have applied them generally to drug-resistance induced 
in the skin by substances other than histamine. The terms can legitimately be 
extended to cover these phenomena; and though our histamine 'immunity' 
may be the same phenomenon as Lewis & Grant's (1924) refractoriness to 
histamine whealing in man, we are not in a position to equate them. The two 
phenomena have much in common; whealing was inhibited in man by occlusion 
of the blood supply for 10 min and our blueing is inhibited by withholding the 
circulating dye for 10 min. Both were relative, never demonstrably absolute. 
But whereas in man the refractory state lasts 5-10 min, the immune state lasts 
several hours in the guinea-pig. The immunity induced by histamine, leuko- 
taxine and 48/80 in some respects resembles the immunity to whealing of 
nervous origin described by Grant, Pearson & Comeau (1935). In both cases 
it lasts for several hours, and both are explicable in terms of an exhaustion of 
a substance like histamine or H-substance increasing capillary permeability. 

The cross-immunity we demonstrated was never very solid. This may have 
been due to deviations from the exact superposition of the test injection on 
the region of immunized tissue, and to the different degrees of tissue affinity 
of the three substances tested. It may, however, reflect a distinction between 
the modes of action; though as regards leukotaxine, it is probably significant 
that the histamine-liberator 48/80 immunized well against leukotaxine. 
Although cross-immunity should not be accepted as a sufficient single criterion 
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of similarity of action, in conjunction with other evidence it is strongly 
suggestive. 

Our various tests of the increase of capillary permeability in the skin by the 
three substances, do not constitute a rigorous proof that the effect of 48/80 
and leukotaxine on the capillary endothelium of the skin is mediated by 
histamine. Nevertheless, taking the evidence as a whole, our observations on 
these three substances are all consistent with the view that leukotaxine acts 
as a histamine-liberator in inflammatory lesions. The question whether 
histamine, through leukotaxine or some other endogenous liberator, is the sole 
mediator of the increased capillary permeability in inflammation, is less easy 
to answer. A given blood vessel made permeable by histamine or leukotaxine 
becomes substantially immune to the further action of the drugs within 20 min 
The perpetuation of increased vessel permeability due to the gradual accumu- 
lation of peptides in the tissues' postulated by Spector (1951) in the natural 
course of inflammation must therefore be produced either by partial stimula- 
tion, and consequently only a partial immunization, of some parts of the 
vessel, leaving other parts for later stimulation; or, what is more consistent 
with the observed expansion of most progressive inflammatory lesions, by a 
gradual outward spread of leukotaxine to as yet unaffected vessels leaving 
impermeable those already affected. But even with these refinements, the 
major role of leukotaxine is not necessarily established in inflammation 
particularly infective inflammation. For example, the time-course of blueing 
by several clostridial exotoxins is quite different from that of leukotaxine 
(unpublished work); blueing may take an hour to develop and permeability 
persist for several hours; and cross-immunity with histamine and histamine- 
liberators is difficult to demonstrate. The behaviour of CI. oedematiens exotoxin 
is singular, because the increased capillary permeability induced by a single 
dose persists for more than 30 hr. This observation probably has some bearing 
on the extensive oedema which accompanies infection by this microbe, but in 
this context it is chiefly interesting as indicating the existence of substances of 
pathological importance which appear to alter capillary permeability in a 
manner quite different from that of histamine or histamine-Iiberators 



SUMMARY 

1. The increase in capillary permeability in the skin of the trunk, and ear of 
guinea-pigs was measured by the size and intensity of the blue lesion induced 
by the intradermal injection of histamine, the histamine-liberator 48/80 and 
leukotaxine, in animals with pontamine sky blue 6X in their circulation. In 
the trunk, the mean lesion-diameter from graded doses of these drugs in a 
constant volume is proportional to the log. dose; and for a constant dose in 
graded injection-volumes it is proportional to the log. volume. 
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2 The linear dosage-response to histamine, 48/80 and Ieukotaxine forms 
the bas.s of an assay method in the 'constant-volume' titration; 'constant- 
dose measurements can be used to measure the affinity of skin tissue for the 

three substances. 

3 Histamine has a relatively low, and 48/80 and Ieukotaxine a relatively 
high, affinity for skin tissue. Injected histamine spreads readily with the in- 

!otT *?t t0 thG subcutaneous tis s"<* and lymphatic channels, whereas 
48/80 and Ieukotaxine tend to remain in the skin. 

4. All three substances increase capillary permeability within 3-5 min of 
injection, and their action is mostly finished in 10-15 min, and wholly so in 
30 mm. Between 15 and 30 min after the injection, the capillaries not only 
begin to recover their normal low permeability, but become immune to further 
doses of the drug. The immunity is greatest from 1-3 hr and declines after 4-5 hr 

5. Histamine blueing is general throughout the depth of the skin- 48/80 
blueing ,s most intense in the region of arterioles, venules and the smaller 
arteries and veins, suggesting that the histamine available for liberation is 
located in these regions. 

6. High local concentrations of histamine inhibit blueing by inducing severe 
local vasoconstriction during the period of increased permeability, so that by 
the time the constriction is relaxed the vessel walls have recovered their 
normal low permeability. High local concentrations of 48/80 inhibit blueing 
by thrombosing the blood vessels. 

7. Anaesthesia, shock and chilling decrease blueing. The effect appears to 
be secondary to a decline in local intravascular pressures, and not to resistance 
of the capillaries to permeability-inducing substances. 

8. Circulating neoantergan strongly antagonizes histamine blueing It is 
over 200 times less effective with 48/80 and Ieukotaxine, but a definite an- 
tagonism to both substances is demonstrable. 

9. The three substances induce a substantial cross-immunity to one another 
The cross-immunity to histamine is presumably due to histamine liberated by 
48/80 and Ieukotaxine. Cross-immunity between histamine-liberators may be 
due either to histamine immunization of the blood vessels, exhaustion of 
histamine or inhibition of the mechanism of histamine release. 

10. The similarities in the time-course and duration of the permeability 
effect, and in the induction of cross-immunity, give strong support to the 
view that Ieukotaxine increases capillary permeability by liberating histamine 
In all the tests made, the differences between Ieukotaxine and histamine were 
paralleled by differences between 48/80 and histamine, excepting the throm- 
bosing effect of strong 48/80. Since 48/80 is an established histamine-liberator 
these differences are not good evidence that substances displaying them do not 
liberate histamine. 
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We are greatly indebted to Dr E. J. de Beer at the Wellcome Research Laboratories, Tuckahoe, 
ILS.A., for a generous gift of the compound 48/80, and to our colleague Dr J. H. Humphrey for 
leukotaxine. 
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VASCULAR REACTIONS TO HISTAMINE 
EXPLANATION OF PLATES 
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A. 



B. 



Plate 1 

Untreated ear of blued guinea-pig, showing the degree of initial opacity near the main vessels, 
due to the relative thickness of the ear in that region, x 5. 

The same ear as in A after injection of strong histamine (1000 /xg/ml.) directly into the lym- 
phatic plexus. The indian-ink stain on the skin at the top marks the injection site. The area 
of intense blueing is approximately wedge shaped, with the apex at the base of the ear. x 5. 

Plate 2 

Ear of a blued guinea-pig injected with strong 48/80 (500 /ig/ml.). There is inhibition of blueing 
at the centre of the lesion, with the thrombosed superficial vessels in sharp focus, x 5. 

Ear of a blued guinea-pig after injection of strong 48/80 (150 F g/ml.) directly into the lym- 
phatic plexus. The opacity round the main vessels on the left is due to the thickness of the 
ear. The area of intense blueing is approximately circular, x 5. 
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Abstract 

Interleukin 8, the first chemokine to be characterized, was discovered nearly ten 
years ago. Today, more than 30 human chemokines are known. They are often 
upregulated in inflammation and act mainly on leukocytes inducing migration 
and release responses. The present review deals largely with the new develop- 
ments of the last three years. Several structural studies have shown that most 
chemokines form dimers. The dimers, however, dissociate upon dilution, and 
the monomers constitute the biologically active form. Chemokine activities are 
mediated by seven-transmembrane-domain, G protein coupled receptors, five of 
which were discovered in the past three years. The primary receptor-binding do- 
main of all chemokines is near the NH2 terminus, and antagonists can be obtained 
by truncation or substitutions in this region. Major progress has been made in the 
understanding of chemokine actions on T lymphocytes that respond to several CC 
chemokines but also to IP10 and Mig, two CXC chemokines that selectively at- 
tract Tcells via a novel receptor. Effects of chemokines on angiogenesis and tumor 
growth have been reported, but the data are still contradictory and the mechanisms 
unknown. Of considerable interest is the recent discovery that some chemokines 
function as HIV-suppressive factors by interacting with chemokine receptors 
which, together with CD4, were recognized as the binding sites for HIV- 1. 



INTRODUCTION 

Chemokines constitute a large family of small cytokines with four conserved 
cysteines linked by disulfide bonds (Figure 1). Two subfamilies, CXC and 
CC chemokines, are distinguished according to the position of the first two cys- 
teines, which are separated by one amino acid or are adjacent. Most chemokine 
sequences were derived from cDNAs encoding proteins of 92 to 125 amino 
acids with leader sequences of 20 to 25 amino acids. In humans, the genes 
of the CXC chemokines are clustered on chromosome 4, and those of the CC 
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Table 1 Ligand selectivity of chemokine receptors 

Receptors New Old nomenclature Ligands" 

CXC chemokines CXCR1 IL-8R1 (type A) IL-8 

CXCR2 IL-8R2 (type B) IL-8, GROa Ak, NAP-2, ENA78, GCP-2 

CXCR3 IPlO/MigR IP10,Mig 

CXCR4 LESTR, HUMSTR SDF-1 

CC chemokines CCR1 RANTES/MIP-torR RANTES, MIP-ltf, MCP-2, MCP-3 

CCR2aA) MCP- 1 RA/B MCP- 1 , MCP-2, MCP-3, MCP-4 

CCR3 EotaxinR, CC CKR3 eotaxin, RANTES, MCP-3, MCP-4 

CCR4 CC CKR4 RANTES, MlP-la, MCP-1 

CCR5 CC CKR5 RANTES, MlP-la, MIP-1/5 

a Kj of 0.1 to 10 nM orCa 2+ mobilization at <10 nM. 

chemokines on chromosome 17. As indicated by the rapidly expanding litera- 
ture, chemokines are increasingly studied because of their actions on leukocytes 
and their role in inflammation and immunity. Additional interest is arising from 
the recent discovery of a function of chemokines and chemokine receptors in 
HIV infection. Because of space limitations, we shall concentrate on new, 
biologically important findings on human chemokines reported during the past 
three years. For older reports, the reader may turn to our last, comprehensive 
review, which appeared at the beginning of 1994 and covered the literature up 
to the middle of 1993 (1). Several other reviews that have appeared since 1994 
may also be consulted (2-4). The new, simplified nomenclature for chemokine 
receptors, which was elaborated at the 1996 Gordon Research Conference on 
"Chemotactic Cytokines" (Table 1), will be used. 

CHEMOKINE STRUCTURE 

Three-Dimensional Structure of CXC and CC Chemokines 
The first chemokines for which the three-dimensional structure was determined 
are PF4 and IL-8. Their monomeric structures are very similar and comprise 
a NH 2 -terminal loop, three anti parallel /J-strands connected by loops, and a 
COOH-terminal a-helix. IL-8 forms globular dimers in solution consisting 
of a six stranded antiparallel /3-sheet (made up of the three ^-strands of each 
subunit) and two antiparallel helices lying across the /J-sheet. The axis of 
symmetry is located between residues 26 and 26' at the center of strands 1 and 
pV (5-7). PF4 forms an asymmetric tetramer by the dimerization of dimers 
of the IL-8 type (8). The structures of GROa and NAP-2 are similar to that of 
IL-8, at both the monomer and dimer level (9-12). GROa differs from IL-8 
in the NH 2 -terminaI region containing the ELR motif, the NH 2 -terminal loop 
extending between residues 12 and 23, and the turn between residues 3 1 and 36, 
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which is linked to the NH 2 -terminal region through the 9 to 35 disulfide bond. 
These regions are involved in receptor interaction (13), and the differences 
could determine receptor specificity. 

The three-dimensional structure of MIP-1£ (14) and R ANTES (15, 16) 
consists of dimers formed by interaction of the NH 2 -terminal regions of the 
monomers yielding an elongated, cylindrical shape. The axis of symmetry 
is located between residues 10 and 10' in MIP-1£ and 9 and 9' in RANTES. 
These residues are part of an additional, short antiparallel y3-sheet formed by the 
strands fiO and fiO'. The distribution of surface hydrophobicity differs markedly 
between CXC and CC chemokines (17), and this is believed to be the reason for 
the different mode of dimerization (7, 17), The core hydrophobicity clusters of 
CXC and CC chemokines, by contrast, are at equivalent positions, in agreement 
with the similarity of the three-dimensional structure of the monomers. 

Monomers and Dimers 

Because most chemokines dimerize in solution, the dimer was generally as- 
sumed to be the biologically relevant form. Although the biological activities 
are observed at nanomolar concentrations, while the dissociation constants are 
mostly in the micromolar range (18, 19), this remained the prevailing view until 
proof was provided that IL-8 can function as a monomer (20). For this purpose 
an IL-8 analog was synthesized with N-methyl-Leu instead of Leu at position 
25 to disrupt hydrogen bonding between the monomers. The methylated analog 
remains monomelic even at millimolar concentration and has nonetheless full 
activity on neutrophils (20). Its three-dimensional structure is similar to that of 
the subunits of the IL-8 dimer, indicating that the constraints imposed by dimer 
formation are not critical for the tertiary fold (21). Among the CC chemokines, 
monomeric forms of MlP-la were studied extensively and found to be bio- 
logically active (22-24). Data obtained by size exclusion HPLC, analytical 
. ultracentrifugation, chemical cross-linking, and titration microcalorimetry sup- 
port the conclusion that IL-8 and MCP-1, at physiological concentrations, oc- 
cur predominantly as monomers (18, 25). Platelet basic protein (PBP) and 
its congeners including NAP-2 appear to behave in a similar manner (10). A 
different view was presented for MCP-1 based on the observations that chem- 
ically cross-linked dimers were active at nanomolar concentrations and that 
an antagonist obtained by NH 2 -terminal truncation formed a heterodimer with 
wild-type MCP-1 acting as a dominant negative inhibitor (26). 

NEW CHEMOKINES AND CHEMOKINE ACTIONS 

Many new human chemokines have been discovered in the past few years, 
and considerable new information has been gathered about their activities on 
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different types of leukocytes. Several of the more than 30 gene products, how- 
ever, are known just by the cDNA-deduced amino acid sequence, and little 
information is available on biological effects. The dendrogram in Figure 1 
presents all human chemokines described to date. Although the number has 
grown considerably, CXC and CC chemokines still fall into completely sep- 
arate branches. Most new chemokines belong to the CC subfamily. They 
include: (i) eotaxin (27) and MCP-4 (28), which are structurally closely re- 
lated to MCP-1; (ii) HCC-1 and a newly identified alternative splicing variant 
HCC-3, which are similar to MlP-lt* (29); (iii) TARC (thymus and activation- 
regulated chemokine), obtained from thymus-derived RNA, and reported to be 
chemotactic for T cell lines but not for blood T lymphocytes, monocytes, or 
neutrophils (30); and (iv) HCC-2, a CC chemokine with six instead of four 
cysteines located at identical positions as in the murine chemokines CIO (31), 
CCF18 (32), MRP-2 (33), and MIP-ly (34). Several new chemokine cDNAs 
were isolated from human tissues within a large-scale cDNA sequencing pro- 
gram (Human Genome Sciences Ltd, Rockville, MD), and the mature proteins 
were expressed in insect cells (Figure 1). Some of the new CC chemokines 
are virtually inactive on granulocytes, monocytes, and lymphocytes, suggest- 
ing that they may stimulate precursor cells or other targets. It is important to 
realize, however, that the actual NH 2 terminus of these chemokines is unknown 
and that lack of activity may result from incorrect processing upon expression 
in insect cells. 

The following subsections describe several newly discovered chemokines 
and some known ones for which interesting new properties were found. The 
chemokine receptors, to which reference is made, are described in a later section 
and Table L 

The Monocyte Chemotactic Proteins 

MCP-1 was the first CC chemokine to be characterized biologically and shown 
to attract monocytes but not neutrophils (I). Two related proteins, MCP-2 (HC- 
14) and MCP-3, were subsequently identified (35), and MCP-4 was described 
only recently (28). The MCPs share a pyroglutamate proline NH 2 -terminal 
motif and are structurally closely related to each other and to eotaxin (56% to 
71% amino acid sequence identity) (Figure 1). They have a broad spectrum of 
activity and attract monocytes (28, 36), T lymphocytes (37-39), and basophil 
leukocytes (1, 40-42). MCP-2, MCP-3, and MCP-4, in contrast to MCP-1, 
are also active on eosinophil leukocytes (28, 40, 42). These patterns can be 
explained with a minimum of three receptors: CCR1 recognizing RANTES, 
MCP-2, and MCP-3; CCR2 recognizing all MCPs; and CCR3 recognizing 
RANTES, MCP-3, MCP-4, and eotaxin. Monocytes and presumably also ba- 
sophils express CCR1 and CCR2, and eosinophils express CCR1 and CCR3 
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Figure 1 Structure similarity diagram of human CXC and CC chemokines. Similarity scores 
of the proteins were determined by the average linkage cluster analysis (181). The gap penalty, 
window size, filtering level, and K-tuple size parameters for pairwise alignments were set at 3, 
10, 2.5 and 1, respectively. Distance to the branching points indicates the percent of sequence 
divergence. Highest pairwise similarity (7.5% divergence) is obtained for the CC chemokines 
HCC-1 and HCC-3, which differ only in the NH 2 -terminal region preceding the adjacent cys- 
teines. Overall similarity between the two subfamilies of chemokines is 24.5% (75.5% divergence). 
Chemokines from Human Genome Sciences Ltd. are listed by their laboratory abbreviation, CKa 
or CK0 (for CXC and CC chemokines, respectively) followed by a number. GeneBank acces- 
sion numbers for the sequences are (from top to bottom): U 16752, Ml 70 17, J03561, M36820, 
M3682I, M54995, L37036, P80162, M20901, X02530, X72755, X14768, X72308, U18941, 
P80075, M57502, X03754, J04130, Z49270, Z70293, Z70292, M21 121, and D43767. The acces- 
sion numbers for the chemokines marked with an asterisk are not available. 
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(2, 3, 43, 44). The picture may become more complex when CCR4 and CCR5 
are considered, but the distribution of these receptors and their selectivity must 
first be studied in more detail. In basophils, MCP-1 is highly effective as a 
stimulus of histamine and peptido-leukotriene release, but it has only moderate 
chemotactic activity, whereas RANTES is a strong chemoattractant and a weak 
inducer of mediator release. This suggests that CCR 1 and CCR2 are function- 
ally different, and indeed, maximum migration and release are obtained with 
MCP-3 that binds to both receptors (2). 

Of particular interest are the effects of the MCPs on lymphocytes. Studies 
on human CD4 + or CD8 + T cell clones (28, 37) and human blood lymphocytes 
(38, 39) show that all four MCPs are potent attractants for activated T lympho- 
cytes. Under similar conditions, MCP-1, MCP-3, and MCP-4 attract more cells 
than do RANTES, MIP-la, and MIP-l/J across bare or endothelial cell -coated 
filters. All MCPs also induce a transient B. pertussis toxin-sensitive rise in 
the cytosolic free Ca 2+ concentration ([Ca 2+ ]0 in CD4 + and CD8 + T cells 
(28, 37). Conditioning with IL-2 markedly enhances the expression of CCR1 
and CCR2 and the chemotactic responsiveness to RANTES and MCP-1 (45) 
(see Lymphocyte Recruitment), Similar migration responses are observed for 
natural killer (NK) cells (46) and dendritic cells (47), and the MCPs were also 
found to induce [Ca 2+ ]j changes and exocytosis of granzyme A and N-acetyl- 
/3-glucosaminidase in cloned human NK cells (48). In addition, several CC 
chemokines including the MCPs were reported to enhance target cell lysis by 
blood-derived NK cells (49). 

Eotaxin 

A CC chemokine acting on eosinophils and termed eotaxin was originally 
isolated from the bronchoalveolar fluid of allergic guinea-pigs (50). Murine 
(51) and human homologs (27) were subsequently cloned. They share over 
60% sequence identity with guinea-pig eotaxin and are equally selective for 
eosinophils. Human eosinophils express high numbers of a receptor for eotaxin, 
CCR3, which was cloned by three independent groups (43, 44, 52). Binding 
studies have shown that eotaxin as well as RANTES and MCP-3 recognize 
this receptor (43), in agreement with their ability to attract CCR3-transfected 
cells (44). In addition, cross-desensitization experiments with eosinophils sug- 
gest that CCR3 recognizes MCP-4 as well (27, 28). MCP-4 is very active on 
eosinophils and is equivalent to eotaxin as chemoattractant and superior to 
MCP-3 in desensitizing eosinophils toward eotaxin (28). In contrast to other 
CC chemokines, eotaxin has a high degree of selectivity for its receptor. It 
is inactive on neutrophils and monocytes, which do not appear to express 
CCR3 (44, 52, 53) but has weak-to-moderate chemotactic activity toward IL-2- 
conditioned T lymphocytes (28). Eotaxin exclusively attracts eosinophils when 
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applied in vivo (27), and its expression is enhanced in animal models of allergic 
inflammation (50, 54) and in tissue cells at sites of eosinophil accumulation in 
humans (27). Northern blot analysis showed constitutive expression of eotaxin 
in human small intestine, colon, heart, kidney, and pancreas; major amounts of 
this chemokine are believed to be produced by epithelial and endothelial cells 
as well as eosinophil leukocytes (53). Due to its preferential, powerful action 
on eosinophils and its occurrence in different species, eotaxin is considered 
a most relevant chemokine in the pathophysiology of allergic conditions and 
asthma (55). 

IPlOandMig 

IP 10 is a CXC chemokine that was identified several years ago as the product 
of a gene induced by interferon-)/ (IFNy), which was found to be expressed in 
delayed- type hypersensitivity reactions of the skin (56, 57). For a long time the 
biological activity of this chemokine remained unclear. Another IFNy -induced 
human CXC chemokine, Mig, was later described (58). IP 10 was reported to 
attract human monocytes, T lymphocytes, and NK cells (49, 59), and Mig was 
shown to attract tumor-infiltrating T lymphocytes (60). A receptor that is spe- 
cific for IP 10 and Mig, CXCR3, was recently cloned (see CXC Chemokine 
Receptors) and found to be selectively expressed on activated T lymphocytes 
that appear to be the only target cell for the two IFNy -inducible chemokines 
(61). The restricted expression and the selectivity for a single receptor on T 
cells suggest that IP 10 and Mig are involved in the regulation of lymphocyte re- 
cruitment and the formation of the lymphoid infiltrates observed in autoimmune 
inflammatory lesions, delayed-type hypersensitivity, some viral infections, and 
certain tumors. 

SDF-1 

The CXC chemokine SDF-1 (stromal cell-derived factor 1) occurs in two al- 
ternative splicing variants, SDF- la and SDF-1 /3, that were cloned from mouse 
bone marrow stromal cell lines (62, 63). SDF-1 a stimulates the proliferation 
of B cell progenitors and was also termed PBSF (pre-B cell growth stimulating 
factor (63). Murine SDF- la was purified as a lymphocyte chemoattractant from 
a stromal cell culture supernatant (64). A homologous gene of human origin 
coding for both SDF forms was later characterized, and SDF-la was shown 
to be the more abundant variant (64a). Mature human and murine SDF-la 
consist of 68 amino acids and differ only at position 18 (valine in the human 
and isoleucine in the murine protein). Subsequent studies showed that synthetic 
human SDF- 1 stimulates monocytes, neutrophils, and peripheral blood lympho- 
cytes, as is indicated by [Ca 2+ ]j changes and chemotaxis (64, 65). SDF-1 binds 
to CXCR4, a former orphan receptor cloned in several laboratories (66-70), (see 
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CXC Chemokine Receptors), and induces Ca 24 ~ mobilization in CHO cells that 
stably express this receptor (65, 71). No cross-desensitization is observed with 
other chemokines, which underlines the selectivity of CXCR4. In transfected 
cell lines coexpressing CXCR4 and CD4 and in blood lymphocytes, SDF-1 
is a powerful HIV-suppressive factor (see HIV Replication). Mice lacking the 
SDF- 1 gene die perinatally and present multiple defects of development, includ- 
ing a severe reduction of B cell and myeloid progenitors in the bone marrow, 
in addition to a septal defect in the heart. These findings suggest that SDF-1 
may display additional functions that are not typical for chemokines (72). 

CHEMOKINE RECEPTORS 

Chemokines act via seven-transmembrane-domain (7TM) receptors (1, 3), 
which form a distinct group of structurally related proteins within the super- 
family of receptors that signal through heterotrimeric GTP-binding proteins 
(Table 1). More than by the overall sequence identity, relatedness is manifested 
by a number of conserved structural motifs mainly found within the trans- 
membrane domains. The most important of these motifs are: TD(X)YLLNLA 
(X2)DLLF(X2)TLP(X)W in TM 2, the NH 2 - and COOH-terminal extensions 
of the DRYLAIVHA-motif in TM 3 and the second intracellular loop, PLL(X) 
M(X2)CY in TM 5, W(X)PYN in TM 6, and HCC(X)NP(X)IYAF(X)G(X2)FR 
in TM 7. In addition, all chemokine receptors have two conserved cysteines, 
one in the NHa-terminal domain and the other in the third extracellular loop 
(Cys 30 and Cys 277 in CXCR1) that are assumed to form a disulfide bond critical 
for the conformation of the ligand-binding pocket. On the basis of the overall 
sequence identity, two subgroups can be recognized: CXC chemokine recep- 
tors with 36-77% and CC chemokine receptors with 46-89% identical amino 
acids (Figures 2 and 3). 

CXC Chemokine Receptors 

Two receptors for IL-8, CXCR1 (IL-8RA/R1) and CXCR2 (IL-8RB/R2), are 
expressed on neutrophils. They share 77% identical amino acids, and their 
genes are colocalized on chromosome 2q35 (73, 74). One receptor, CXCR2, 
has high affinity for IL-8 and all other CXC chemokines that attract neutrophils 
(e.g. the GRO proteins, NAP-2, etc.), while the other, CXCR1 , has high affinity 
for IL-8 only (1). IL-8 receptors are also found on monocytes, basophils, and 
eosinophils, but the responses of these cells to IL-8 are much weaker than 
those of neutrophils (1). In T lymphocytes, expression of both IL-8 receptors 
is revealed by RT-PCR but not by Northern blotting (75, 76), suggesting that 
the numbers are low. Using monoclonal antibodies and FACS analysis, it was 
observed that CXCR 1 and CXCR2 are present on all neutrophils and monocytes, 
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Figure 2 Structure similarity diagram of human chemokine receptors. Similarity scores were 
determined as described for Figure 1. The highest degree of divergence (86.1%) with respect to all 
the other receptors is observed for herpesvirus saimiri ECRF3 and the highest pairwise similarity 
(8.3% divergence) for BLR1 and MDR15. GeneBanJk accession numbers for the sequences are 
(from top to bottom): M68932, M73969, X95876, X68149, X68829, L08176, X71635, L10918, 
U51241, U03882, U03905, X91492, X85740, U28934, L20501, and S76368. 

but only on a minority of lymphocytes. They are found in low numbers on NK 
and CD8+ T cells, with high donor-to-donor variation, but they are absent 
in CD4+ T cells or B cells (77, 78). Interestingly, while both receptors are 
present in similar numbers on neutrophils, CXCR2 appears to prevail on other 
leukocytes (78). Analysis of transendothelial migration shows that MCP-1 
attracts CD26 + T cells while the cells responding to IL-8 are CD26-negative 
(77). Expression of CXCR 1 and CXCR2, as assessed by immunocytochemistry 
or RT-PCR, was also reported in cultured melanocytes and fibroblasts (75), 
epithelial cells in inflamed skin (79), and fibroblasts and smooth muscle cells 
of burn lesions (80). There is no evidence for a functional role of the expressed 
receptors, however. 

Chimerae between the rabbit CXCR1 and the human CXCR2 were used 
to show that the NH 2 -terminal domain determines, to a large extent, ligand 
selectivity (81, 82). Receptors carrying the NH 2 -terminaI domain of CXCR1 
are selective for IL-8, whereas those carrying the NH 2 - terminal domain of 
CXCR2 have high affinity for other CXC chemokines as well Alanine scanning 
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was cloned from a cDNA library derived from an Epstein-Barr virus-infected 
Burkitt's lymphoma, and shown to be expressed exclusively in B and T cell 
lines (103). Another receptor, CMKBRL1 (chemokine beta receptor-like 1) 
shows interesting similarities with chemokine receptors. Its gene is located on 
chromosome 3p2 1 together with other CC chemokine receptors, and transcripts 
are found in leukocytes as well as in lymphoid and neural tissues (104, 105). 

Some chemokine receptors may mediate functions that are unrelated to cell 
migration, as is exemplified by two receptors of viral origin. US28 consists 
of 354 amino acids and is encoded by human cytomegalovirus. It recognizes 
several CC chemokines, including MCP-1, RANTES, MlP-la, and MIP-1£ 
(87, 106). Conversely, ECRF3, a 321 amino acid protein encoded by her- 
pesvirus saimiri, recognizes IL-8, GROor , and NAP-2, but not CC chemokines 
(107). It is interesting that these viral receptors discriminate between CXC 
and CC chemokines although they share less than 30% identical amino acids 
with the human chemokine receptors. In human fibroblasts, cytomegalovirus 
induces the expression of IL-8 receptors and shows enhanced replication in 
receptor-expressing cells that are exposed to LL-8 (108). This suggests that the 
expression of chemokine receptors in infected cells may be of advantage for 
the replication of some viruses (3, 108). 

Receptor Function and Signal Transduction 

Our review of this topic is largely restricted to neutrophils and cell lines trans- 
fected with the IL-8 receptors, which were studied more extensively. Sig- 
naling by chemokine receptors depends on coupling to Bordetella pertussis 
toxin-sensitive G-proteins. Experiments with COS-7 cells in which IL-8 re- 
ceptors were cotransfected with different G-proteins have shown that CXCR1 
and CXCR2 couple to Ga i2 , Gor i3 , G«u, Gori 5 , and Ga !6 but not to Gor q or 
Gan (109). Studies on CC chemokine receptors are less advanced. CCR1 was 
shown to couple to Ga\ 4 but not Ga^, while CCR2b couples to both G-proteins. 
No coupling to these G-proteins was observed for CCR2a, however, suggesting 
differences in G-protein usage (90). 

The function of CXCR1 and CXCR2 was studied in Jurkat cells stably trans- 
fected with one or the other cDNA. CXCR1 -ex pressing cells bind IL-8 with 
high affinity, and GROor and NAP-2 with low affinity, while CXCR2-expressi ng 
cells have high affinity for all three ligands. Both types of transfectants respond 
equally well to IL-8, as shown by [Ca 2+ ]i changes and chemotaxis, and no dif- 
ference is observed in the function of CXCR2 after stimulation with IL-8, 
GROa% or NAP-2. CXCRl-transfected cells migrate in response to GROor and 
NAP-2, which bind with low affinity, provided that high concentrations are 
used (110). Similar experiments show that both receptors activate the p42/p44 
MAP kinase (111). These results indicate that CXCR1 and CXCR2 signal and 
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function independently of each other. Monoclonal antibodies that selectively 
block CXCR1 or CXCR2 were used to study the function of the individual re- 
ceptors in neutrophils. Both IL-8 receptors trigger [Ca 2+ ]i changes, chemotaxis 
and granule exocytosis, whereas phospholipase D activation and the respiratory 
burst are only observed after stimulation of CXCR1 (112). These observations 
are in agreement with a study showing that in human neutrophils phospholipase 
D is activated by stimulation with IL-8, but not with GROa or NAP-2 (113). 
All three chemokines, on the other hand, induce similar [Ca 2+ ]i changes and 
patterns of phosphorylation. Activation of p42/44 MAP kinase is also observed 
in cells transfected with CCR2 cDNA after stimulation with MCP-1 (114). 

There is strong evidence for a role of phosphatidyl inositol 3 -kinase (PI3K) 
in chemokine-mediated signal transduction (115, 1 16). PI3K isoforms may be- 
come activated directly by interaction with the G-protein fiy subunit or by small 
GTPases, Src-related tyrosine kinases, or phosphotyrosines that bind to the SH2 
domain of PI3K. Phosphatidylinositol lipids phosphorylated at the 3-OH po- 
sition are supposed to trigger a variety of cellular responses (117). A study 
on murine pre-B cells transfected with CXCR1 showed that the small GTPase 
Rho is implicated in lL-8-mediated adhesion to fibrinogen (118), suggesting 
that IL-8 receptors can activate small GTPases, which in turn regulate cytoskele- 
tal rearrangement, phospholipase D activation, and induction of the respiratory 
burst (117). Leukocyte responses to chemokines are characteristically transient, 
and the receptors become rapidly desensitized. Phosphorylation of serines and 
threonines in the COOH-terminal region of CXCR1 and CXCR2 correlates 
with homologous desensitization after stimulation with IL-8 or GROa , respec- 
tively (1, 1 19, 120). Rat basophilic leukemia cells (RBL-2H3) cotransfected 
with CXCR1 and the C5a receptor were used to show that heterologous de- 
sensitization correlates with COOH-terminal phosphorylation of the receptors 
(121). 

STRUCTURE- ACTIVITY RELATIONS 
CXC Chemokines 

The short sequence Glu-Leu-Arg (ELR motif), which precedes the first cysteine 
in all CXC chemokines that act on neutrophils is essential for binding and 
activation of both IL-8 receptors (CXCR 1 and CXCR2). Additional structural 
domains, however, are required because short peptides containing the ELR 
motif are inactive, and neither IP 1 0 nor MCP- 1 can be converted into neutrophil- 
activating chemokines by introduction of the ELR motif (I). Active CXC 
chemokines have a short NH 2 -terminal domain, and it has been suggested 
that if the sequence is extended, it can fold over the ELR motif and prevent its 
recognition by the receptor (10). Studies with BL-8 have shown that the arginine 
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adjacent to the first cysteine is very sensitive to substitution (I). It is interesting 
to note that three CXC chemokines, IP10, Mig, and SDF-1, that were recently 
shown to act via novel CXC chemokine receptors (61, 65) have a conserved 
arginine before the first cysteine. The Arg-Cys-X-Cys motif may be a general 
requirement for the binding to CXC chemokine receptors. 

Several attempts have been made to define the structural elements for high- 
affinity binding to the IL-8 receptors. Studies with synthetic IL-8 analogs with 
single or double amino acid substitutions and hybrids between IL-8 and the 
inactive IP 10 have been performed to establish the minimal requirements for 
activity (13, 122). In addition to the disulfide bridges and the ELR motif, 
the NH 2 -terminal loop region (residues 10-17) and the Gly 31 -Pro 32 motif in 
the /Mum containing the third cysteine (residues 30-35) were found to be of 
primary importance (13, 19). Single residue mutations and chimeric proteins 
between IL-8 and CXC chemokines with low affinity for CXCR1, were used 
to identify the structural determinants for recognition of CXCR1 and CXCR2 
(123-127). Of particular interest is the NH 2 -terminal loop (residues 10-17 in 
IL-8), since structural analysis reveals significant differences in this region be- 
tween monomelic IL-8 and monomeric GROa or NAP-2 (9, 1 1, 12). Mutations 
of human and rabbit IL-8 highlight the importance of Tyr 13 and Lys 15 for high 
affinity binding to CXCR1 (123). Mutants of IL-8 and GROor with reversed 
receptor selectivity were obtained by exchanging the NH 2 -terrninal loops of the 
two chemokines (residues 10-17 of IL-8 and 12-18 of GROa) and residues pre- 
ceding the fourth cysteine (Glu 48 and Leu 49 of IL-8, and Ala 50 of GROor) (127). 

The substitution of Tyr 28 and Arg 30 in MCP-1 by the corresponding residues 
in DL-8, Leu and Val, was reported to lower the activity toward monocytes and to 
confer neutrophil chemotactic activity to the CC chemokine (128). Conversely, 
replacement of Leu 25 and Val 27 in IL-8 by tyrosines, the corresponding residues 
of RANTES (1 29), or substitution of Leu 25 by a modified cysteine were reported 
to yield mutants with CC chemokine activity (130). Using synthetic mutants, 
we were unable to confirm the results obtained by substitutions with natural 
amino acids (128, 129), and we found that the weak activity that IL-8 normally 
has on monocytes (131) was not affected by the substitutions (I Clark-Lewis, 
B Dewald, unpublished observation). 

CC Chemokines 

The NH2-terrninal region of MCP-1 is of critical importance for receptor recog- 
nition and activation. The situation is similar to that of IL-8 and its analogs 
that activate neutrophils, but the structural requirements are more strict because 
the entire sequence of 10 residues preceding the first cysteine is required for 
full activity (19, 132). Truncation or elongation of the NH2-terminal sequence 
leads to considerable loss of activity, but the NH 2 -terminal pyroglutamate can 
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be replaced by several other noncyc lie amino acids. This is particularly interest- 
ing because MCP-2, MCP-3, and MCP-4 share with MCP-1 the NH 2 -terminal 
pyroglutamate and high affinity for CCR2. 

The role of the NH2-terminal domain for MCP-1 activity was studied with a 
series of NH 2 -terminally truncated analogs, MCP-1 (2-76) to MCP-1 (10-76), 
of the full-length form of 76 residues. Deletion of the NH 2 -terminal pyroglu- 
tamate, yielding MCP-1 (2-76), results in a marked, at least 50-fold decrease 
in activity on monocytes (132) and basophils (133), and deletion of the next 
residue leads to total loss of activity. Analogs with deletions of 3 or 4 residues, 
MCP-1 (4-76) and MCP-1 (5-76), are active again on both cells, while all further 
truncation analogs, MCP-l(6-76) through MCP-l(10-76), are inactive. A sur- 
prising observation was that MCP-1 (2-76), the analog without NH2-terminal 
pyroglutamate, is a powerful stimulus for eosinophil leukocytes, which do not 
express CCR2 and do not respond to full-length MCP-1 (133). On further trun- 
cation, the activity on eosinophils changes in the same way as in monocytes and 
basophils. It can be assumed that the effects on eosinophils are mediated via 
CCR3, and it is remarkable that MCP-1 acquires activity on these cells only af- 
ter NH 2 -terminal deletion, whereas MCP-2, MCP-3, and MCP-4, which share 
the NH 2 - terminus with MCP-1, are potent attractants in their full-length form. 

Several of the truncated MCP-1 analogs, MCP-1 (9-76) and MCP-1 (10-76) 
in particular, act as antagonists presumably by blocking CCR2, and they prevent 
the responses to MCP-1, MCP-2, and MCP-3, but not to RANTES, MlP-la, 
or MIP-1£ (132). Analogous studies performed with RANTES and MCP-3 
yielded antagonists for multiple CC chemokine receptors (95). RANTES(9- 
68) and MCP-3( 10-76) inhibit receptor binding and functional activities of 
MCP-1, MCP-3, and RANTES. The decreased selectivity of the truncated 
analogs, RANTES in particular, suggests that receptor specificity is dictated 
by residues within the NH 2 -terminal domain, which are lost upon truncation, 
while other structural determinants assure the interaction with multiple recep- 
tors. Two additional CC chemokine antagonists were reportedly obtained by 
NH 2 -terminal elongation: MCP-3 with three additional residues, Arg-Glu-Phe, 
which blocks the activity of MCP-3 (134), and RANTES with an additional me- 
thionine, which blocks the activity of RANTES and MlP-la, but not of MCP-1 
or IL-8(135). 

These observations demonstrate the critical role of the sequence preceding the 
first cysteine for the binding and function of MCP-1, MCP-3, and RANTES, 
and, together with former evidence on CXC chemokines (1), emphasize the 
overall importance of the NH 2 -terminal domain for the biological activity of all 
chemokines. Interesting differences are nevertheless apparent between CXC 
and CC chemokines. Minimal modifications of the NH 2 terminus can drasti- 
cally reduce or even qualitatively change the activity of CC chemokines, while 
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truncation up to the ELR motif progressively enhances the potency of IL-8 and 
other CXC chemokines (1). In both cases, elimination of most residues in the 
short NH 2 -terminal stretch or modification of recognition motifs yields deriva- 
tives that still recognize the receptor but do not induce functional responses and 
thus act as antagonists. 

PERSPECTIVES 

We conclude by highlighting some new developments and concepts of po- 
tential interest. For areas where progress has been slow and areas that were 
reviewed recently, only a few indicative references will be given. Research 
on chemokines has provided considerable insight into the mechanism of dia- 
pedesis, and the ability of endothelial cells to generate attractant chemokines 
has been recognized as a fundamental process. Outstanding reviews have been 
published on this subject (136-138). Of interest is the potential activity of 
chemokines on myeloid progenitor cells. MlP-lor was described early on as a 
regulator of hematopoiesis (139) and inhibitor of stem cell proliferation (140). 
Although the disruption of the MlP-lor gene in mice does not appear to cause 
cellular abnormalities in the bone marrow or blood (141), chemokines are still 
considered as potential stimuli of leukocyte production and release from the 
bone marrow. Another major subject is the role of chemokines in tumors. It is 
well documented that transformed cell lines produce high amounts of different 
chemokines for which anti -tumor as well as tumor-promoting activities have 
been suggested (1). The role of chemokines in tumor growth is still unclear, 
and some new evidence for angiogenic and angiostatic effects will be discussed 
(see Angiogenesis). 

Selectivity 

Collectively, chemokines and chemokine receptors form a sophisticated system 
for the regulation of leukocyte and lymphocyte traffic across different compart- 
ments from the tissue of origin and the blood to sites of homing, host defense, 
or disposal. Substantial new information has been obtained about the selectiv- 
ity and the complexity of the system, and some simplifications are no longer 
justified. The concept, for instance, that CXC chemokines act primarily on 
neutrophils, whereas CC chemokines act on the other types of leukocytes must 
be revised in view of the recent identification of new CXC chemokine recep- 
tors, CXCR3 and CXCR4, that mediate lymphocyte recruitment (61, 65, 71). 
When considering the ligands of the four CXC and five CC chemokine receptors 
(Table 1), an interesting difference becomes apparent: CXC chemokines have 
high affinity for single receptors (IL-8 which binds toCXCRl and CXCR2 is the 
only exception), whereas most CC chemokines recognize two or more receptors 
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that differ in ligand specificity and cellular distribution. MCP-1 and eotaxin, 
which act via CCR2 and CCR3, respectively, are the only CC chemokines with 
restricted receptor usage. It is conceivable that CXC chemokines elicit more 
selective leukocyte responses than CC chemokines. 

Tissue-Bound Chemokines 

The early observation that IL-8 is effective for several hours after intrader- 
mal application (142) suggested that chemokines can associate in active form 
with the tissue matrix. In vitro, IL-8 binds to glycosaminoglycans through 
its COOH-terminal a -helix and remains active when complexed to heparin or 
heparan sulfate (143). To some degree, this interaction appears to be selective 
since IL-8, GROa, NAP-2, and PF4 differ in their binding to heparin subfrac- 
tions as shown by affinity co-electrophoresis (144). MDM/J and RANTES also 
retain activity when bound to the tissue matrix and induce adherence of T cells 
(145, 146). Together these observations suggest that interaction with matrix 
glycosaminoglycans may help to confine chemokines within the site of their 
formation and so support the concept that the migration of leukocytes could be 
directed by a solid, rather than fluid, chemokine gradient. In situ binding of DL-8 
and RANTES, but not of MlP-la, was observed in venular endothelial cells of 
the skin, and IL-8 was shown to bind to endothelia of mucosal and serosal sites, 
but not of parenchymatous tissues (147). It is possible that chemokines bound 
to the surface of endothelial cells direct diapedesis. The evidence for this attrac- 
tive hypothesis, however, is still weak because only a few chemokines have been 
shown to bind, and the binding is restricted to some microvascular beds. In addi- 
tion, chemokines, like other cationic proteins, can impair the activity of growth 
factors by competition for their binding sites on heparan sulfate (148, 149), a 
process that may explain some antiproliferative and angiostatic activities. 

Most chemokines associate with the so-called Duffy antigen on erythrocytes 
(1). The "Duffy antigen receptor for chemokines" (DARC) was cloned and 
shown to consist of 338 amino acids and to comprise seven putative trans- 
membrane domains. DARC has less than 20% amino acid identity with CXC 
and CC chemokine receptors and does not signal (150, 151). DARC is also 
expressed in some B and T cells, the endothelial cells of postcapillary venules 
and the Purkinje cells in the cerebellum (152). It is not clear, however, whether 
this promiscuous receptor is functionally relevant on endothelial cells and has a 
role in chemokine-dependent diapedesis because experiments with erythrocytes 
have shown that IL-8 is inactive toward neutrophils when bound to DARC (153). 

Lymphocyte Recruitment 

Chemokines are now generally recognized as the long-sought mediators of lym- 
phocyte recruitment. A first hint came from the early studies on IP 10, which is 
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expressed at sites of lymphocyte accumulation in delayed-type hypersensitivity. 
Subsequent studies suggested a role for IL-8, but the evidence has repeatedly 
been questioned, and although papers in support of this concept are still being 
published, the CC chemokines have emerged as a major force in lymphocyte 
trafficking. RANTES, MlP-la, and MIP-10 were shown several years ago 
to attract T lymphocytes, and, more recently, the monocyte chemotactic pro- 
teins were found to perform similar functions (see The Monocyte Chemotactic 
Proteins). 

To define conditions for lymphocyte responsiveness, the migration induced 
by RANTES, MCP-1, and other CC chemokines was studied in relation to 
the expression of two main receptors, CCR1 and CCR2, in CD45RO+ blood 
lymphocytes cultured under different stimulatory conditions (45). A close cor- 
relation between receptor expression and chemotaxis was observed and found 
to depend strictly on pretreatment of the cells with IL-2. Receptor expression 
and responsiveness are rapidly downregulated when EL-2 is withdrawn and are 
fully restored when IL-2 is supplied again. IL-2 can be substituted partially 
by IL-4, IL-10, or IL-12, but not by IL-13, IFNy, IL-1£, or TNFa. Interest- 
ingly, treatment with anti-CD3 alone or in combination with anti-CD28 rapidly 
downregulates receptors and migration. Receptor upregulation by IL-2 and 
downregulation by other stimuli of activation and proliferation suggest that T 
cells become responsive to chemokines after IL-2-mediated expansion and not 
during the early stages of antigen-dependent activation. Other studies showed 
that phytohemagglutinin-treated lymphocytes do not express CCR1 (88) and 
that human T cell clones lose migratory capacity after treatment with anti-CD3 
(37). The opposite effect, however, was also reported (154). 

The CC chemokines that attract lymphocytes are also chemotactic for mono- 
cytes, basophils, and eosinophils (2, 36), suggesting that the action of CC 
chemokines on lymphocytes is not selective. The role of MCP-1 in mononu- 
clear cell recruitment was shown in a model of delayed-type hypersensitivity 
in rats (155) as well as in mice with Cryptococcus neoformans lung infection 
(156), where neutralizing antibodies against MCP-1 markedly decreased the 
local infiltration by monocytes and T lymphocytes. 

A more selective recruitment of lymphocytes is likely to occur in response 
to IP 10 and Mig, which bind to CXCR3, a receptor that does not recognize 
other chemokines and is confined to IL-2-activated T cells. Upon viral infec- 
tion, for instance, IP 10 and Mig are upregulated by locally produced IFNy and 
thus become available for the recruitment of effector lymphocytes as part of 
the antiviral response. The potential role of LFNy -induced chemoattractants 
in lymphocyte migration is highlighted by a comparison of the influx of radi- 
olabeled neutrophils and lymphocytes in sheep after intradermal injection of 
chemoattractants and cytokines (157). The ratio of neutrophils to lymphocytes 
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was 45:1 after injection of IL-8 or C5a, about 5:1 after injection of TNFa or 
IL-lff, and only 0.1:1 after injection of IFNy. Lymphotactin, a protein with 
only two cysteines and some structural similarity to chemokines, was also de- 
scribed as a selective attractant for lymphocytes ( 1 58). Such activities, however, 
have not been confirmed. Recombinant lymphotactin and two synthetic vari- 
ants were extensively tested on human thymocytes and several preparations of 
T cells, including T cell clones, monocytes, and neutrophils, but no chemotactic 
activity nor [Ca 2+ ]j changes were observed (159). 

Angiogenesis 

The study of the formation of new blood vessels was greatly encouraged by 
the recognition of the role of angiogenesis for tumor growth, and the effects 
of growth factors on endothelial cells (160). Popular models of angiogenesis 
are the neovascularization of the cornea or the chick chorioallantoic mem- 
brane. Angiogenic factors are applied locally in an adsorptive pellet, and an- 
giostatic substances are either added to the pellet or injected systemically. 
Enhancement or inhibition of endothelial cell proliferation and/or in vitro 
migration are considered as predictive of angiogenic or angiostatic activity, 
respectively. 

A possible involvement of chemokines in the regulation of angiogenesis was 
originally suggested by studies showing that PF4 has angiostatic (161) and 
potential anti-tumor activity (162). Similar effects were observed with other 
cation ic proteins, and recently it was shown that PF4 and IP 10 share binding 
sites on heparan sulfate and inhibit the proliferation of endothelial cells presum- 
ably by displacing growth factors (163). The opposite effect, angiogenesis, was 
reported for IL-8 and several other CXC chemokines with the NH2 -terminal 
ELR motif (164, 165). Modification of the ELR motif reportedly confers an- 
giostatic properties to IL-8, and introduction of the ELR motif converts the 
chemokine Mig from angiostatic to angiogenic. The mechanism of these phe- 
nomena has not been studied, and no receptors for angiogenic chemokines were 
described. It is unlikely that angiogenesis depends on neutrophil recruitment 
because some of the ELR-containing proteins studied, like platelet basic protein 
and connective tissue-activating peptide III, are inactive on neutrophils (1). In 
a later study the effects of IL-8 on human umbilical vein and dermal microvas- 
cular endothelial cells were examined, but no IL-8 binding nor IL-8-dependent 
[Ca 2 +]i changes were observed, and no CXCR1 or CXCR2 transcripts were 
detected byPCR(166). 

Angiostatic rather than angiogenic activity by CXC chemokines was reported 
by Cao et al (167) who compared the GRO proteins. They found that GROa, 
GRO^J, and PF4 inhibit the proliferation of capillary endothelial cells stim- 
ulated with basic fibroblast growth factor, whereas GROy was inactive. In 
vivo GRO/J inhibited the neovascularization of the chorioallantoic membrane 
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and the mouse cornea, and it depressed the growth of murine Lewis lung car- 
cinoma. Most recently, however, an anti-tumor effect was reported in SCID 
mice bearing human non-small cell lung cancer by neutralizing IL-8 with an 
antiserum (168). A tumor-promoting effect of IL-8 may also be inferred from 
the correlation between IL-8 expression and metastatic potential of melanoma 
cell lines in mice (169). On the other hand, IL-8 inhibits the proliferation of 
non-small cell cancer lines (170) and reduces tumorigenicity by recruitment 
of neutrophils in nude mice receiving tumor cells that express the human IL-8 
gene (17 1). Anti -tumor activity was formerly observed in mice inoculated with 
tumor cells engineered to produce high levels of IP 10, and the activity was 
found to depend on the recruitment of T lymphocytes and other white cells 
(172). Similar experiments were done with cells overexpressing murine MCP- 
1(1). Furthermore, angiogenic properties were reported for soluble E-selectin 
and VCAM-1, which may be shed from the endothelial surface by enzymes 
released from adhering leukocytes (173). These and other observations empha- 
size the complexity of the pathophysiological process and suggest that, in many 
instances, the angiogenic effects of chemokines may be mediated by products 
released from the accumulating phagocytes. 

HIV Replication 

A most exciting new development came from the discovery that some chemo- 
kines function as HIV- 1 -suppressive factors. While searching for factors that 
delay the outbreak of AIDS, Cocchi et al (174) found that RANTES, MlP-la, 
and MlP-\fi produced by CD8 + T cell lines are potent inhibitors of infection 
by monocyte/macrophage-tropic HIV-1 strains. These observations indicated 
that chemokines may determine the susceptibility to HIV infection and disease 
progression, and they suggested that chemokine receptors could in some way 
be involved in the recognition of HIV-L Shortly thereafter, Feng et al (86) 
identified by expression cloning a 7TM receptor (termed fusin) that comple- 
ments CD4 in a cell-fusion model of lymphocyte-tropic HIV-1 infection. Fusin 
is identical to CXCR4, and its ligand, SDF-1, was found to be a potent inhibitor 
of infection by lymphocyte-tropic HIV-1 strains in cell lines that coexpress 
CXCR4 and CD4 and in blood lymphocytes (65, 71). The HIV-suppressive 
factors RANTES, MlP-la, and MIP-1/f do not prevent the infection of cells 
expressing CXCR4. Unlike SDF- 1 , they interact with several receptors (see CC 
Chemokine Receptors) and one of them, CCR5, was shown by several groups to 
be the main coreceptor for entry of monocyte/macrophage-tropic HIV-1 strains 
(175-179). CCR3 and CCR2b have similar functions (176-178), but their role 
as HIV coreceptors is less prominent, suggesting that viral Env proteins have 
lower affinity for these receptors. 

The repertoire of chemokine receptors in CD4 + cells is likely to influence 
viral tropism, and it will be important to study the regulation of receptor 
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expression, particularly in T lymphocytes, macrophages, and dendritic cells. 
Viral entry is assumed to begin with the interaction of the highly variable viral 
Env protein, gp!20, with CD4 and achemokine receptor. Mutational changes of 
gpl20 could lead to a switch in recognition from CCR5/CCR3 to CXCR4, and 
a shift from monocyte/macrophage-tropic to lymphocyte -tropic, syncytium- 
inducing strains. Recognition of CXCR4, which is widely expressed in blood 
leukocytes (66-70), could contribute to a spreading of the infection. There is 
already some evidence for a protective role of RANTES, MIP-lo:, and MlP-ljft 
in individuals who remain uninfected despite high-risk exposure to HIV (180), 
and the therapeutic application of chemokines to prevent infection may be con- 
sidered. Of particular interest is the possibility that SDF-1 in combination with 
CC chemokines could help to decrease virus load and prevent the emergence 
of the syncytium-inducing viruses characteristic for the progression to AIDS. 
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In this study, we demonstrate that the CXC family of 
chemokines displays disparate angiogenic activity de- 
pending upon the presence or absence of the ELR motif. 
CXC chemokines containing the ELR motif (ELR-CXC 
chemokines) were found to be potent angiogenic factors, 
inducing both in vitro endothelial chemotaxis and in 
vivo corneal neovascularization. In contrast, the CXC 
chemokines lacking the ELR motif, platelet factor 4, 
interferon -/-inducible protein 10, and monokine in- 
duced by -/-interferon, not only failed to induce signifi- 
cant in vitro endothelial cell chemotaxis or in vivo cor- 
neal neovacularization but were found to be potent 
angiostatic factors in the presence of either ELR-CXC 
chemokines or the unrelated angiogenic factor, basic 
fibroblast growth factor. Additionally, mutant interleu- 
kin-8 proteins lacking the ELR motif demonstrated po- 
tent angiostatic effects in the presence of either ELR- 
CXC chemokines or basic fibroblast growth factor. In 
contrast, a mutant of monokine induced by -/-interferon 
containing the ELR motif was found to induce in vivo 
angiogenic activity. These findings suggest a functional 
role of the ELR motif in determining the angiogenic or 
angiostatic potential of CXC chemokines, supporting 
the hypothesis that the net biological balance between 
angiogenic and angiostatic CXC chemokines may play 
an important role in regulating overall angiogenesis. 



Angiogenesis, characterized by the neoformation of blood 
vessels, is an essential biological event encountered in a num- 
ber of physiological and pathological processes, such as embry- 
onic development, the formation of inflammatory granulation 
tissue during wound healing, chronic inflammation, and the 
growth of malignant solid tumors (1-5). Neovascularization 
can be rapidly induced in response to diverse pathophysiologic 
stimuli. Under conditions of homeostasis, the rate of capillary 
endothelial cell turn-over is typically measured in months or 
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years (6, 7). However, the process of angiogenesis during nor- 
mal wound repair is rapid, transient, and tightly controlled. 
During neovascularization, normally quiescent endothelial 
cells are stimulated, degrade their basement membrane and 
proximal extracellular matrix, migrate directionally, divide, 
and organize into new functioning capillaries invested by a 
basal lamina (1-5). The abrupt termination of angiogenesis 
that accompanies the resolution of the wound repair suggests 
two possible mechanisms of control: a marked reduction in 
angiogenic mediators coupled with a simultaneous increase in 
the level of angiostatic factors that inhibit new vessel growth 
(8). In contrast to neovascularization of normal wound repair, 
tumorigenesis is associated with exaggerated angiogenesis, 
suggesting the existence of augmented angiogenic and reduced 
levels of angiostatic mediators (3, 9). Although most investiga- 
tions studying angiogenesis have focused on the identification 
and mechanism of action of angiogenic factors, recent evidence 
suggests that angiostatic factors may play an equally impor- 
tant role in the control of neovascularization (8, 10-26). 

Recently, platelet factor 4 (PF4), 1 a member of the CXC 
chemokine family, has been found to be an inhibitor of angio- 
genesis (27). In contrast, interleukin-8 (IL-8), another member 
of the CXC chemokine family, has been shown to have potent 
angiogenic properties (28-30). Although these CXC chemo- 
kines have significant homology on the amino acid level, one of 
the major differences between IL-8 and PF4 is the presence in 
1L-8 of the sequence Glu-Leu-Arg (the ELR motif), which is not 
found in PF4 (31-34). These three amino acids appear to be 
important in ligand/receptor interactions on neutrophils <35, 
36) and are highly conserved in all members of the CXC 
chemokine family that demonstrate biological activation of 
neutrophils (35, 36). 

In this study, we demonstrate that members of the CXC 
chemokine family that contain the ELR motif, as compared 
with members that lack these three amino acids, are potent 
inducers of angiogenic activity. In addition, we show that CXC 
chemokines that lack the ELR motif, PF4, interferon y-induc- 
ible protein 10 (IP-10), and monokine induced by /-interferon 
(MIG) are potent inhibitors of both CXC (ELR) chemokine and 



1 The abbreviations used are: PF4, platelet factor 4; 1L-8, interleu- 
kin-8; IP-10, interferon /-inducible protein 10; MIG, monokine induced 
by /-interferon; bFGF, basic fibroblast growth factorbasic fibroblast 
growth factor; PAGE, polyacrylamide gel electrophoresis; GRO, growth- 
related oncogene; ENA-78, epithelial neutrophil activating protein-78; 
GCP-2, granulocyte chemotactic protein-2; PBS, phosphate-buffered 
saline; GST, glutathione S -transferase; HPF, high power field(s); IFN, 
interferon. 
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basic fibroblast growth factor (bFGF)-induced angiogenesis. 
Moreover, substitution of the ELR motif in IL-8 generated 
proteins that antagonized the angiogenic effects of ELR-CXC 
chemokines and bFGF, while a mutant of MIG containing the 
ELR motif was angiogenic. These results suggest that the pres- 
ence or absence of the ELR motif in CXC chemokines function- 
ally defines the angiogenic (ELR containing) or angiostatic 
(non-ELR) characteristics of these proteins. These findings 
support the notion that CXC chemokines play an important 
role in the regulation of angiogenesis by acting as either angio- 
genic or angiostatic factors. 

MATERIALS AND METHODS 
Reagents— Human recombinant IP-10 (lyophilizcd protein with no 
additives) was purchased from Pepro Tech Inc. (Rocky Hill, NJ). IP-10 
was >98% pure by SDS-PAGE analysis. Human recombinant bFGF 
(lyophilized protein with no additives) was purchased from R&D Sys- 
tems Inc. (Minneapolis, MN). bFGF was >97% pure, as determined by 
NH 2 terminus analysis and SDS-PAGE. Recombinant human PF4, 
natural NH 2 -terminal truncated forms of platelet basic protein (connec- 
tive tissue activating protein-III, j3-thromboglobulin, and neutrophil- 
activating protein-2), recombinant IL-8 (72 amino acids), recombinant 
human growth-related oncogene (GRO-a), recombinant human GRO-p, 
recombinant human GRO-y, and recombinant human epithelial neu- 
trophil activating protein-78 (ENA-78) were provided by A. Walz. These 
chemokines were lyophilized proteins with no additives and were >97% 
pure, as determined by NH 2 terminus analysis and SDS-PAGE. Natu- 
ral granulocyte chemotactic protein-2 (GCP-2; Ref. 34) was provided by 
J. Van Damme and was >98% pure, as determined by NH 2 terminus 
analysis and SDS-PAGE. Endotoxin levels were less than 0.1 ng//ig for 
the above cytokines. The proteins were either reconstituted in Dulbec- 
co's modified Eagle's medium with 0.1% bovine serum albumin for 
analysis in endothelial cell chemotaxis assays, Hanks' balanced salt 
solution with calcium/magnesium for analysts in neutrophil cell chemo- 
taxis assays, or 1 X PBS for the corneal micropocket model of 
angiogenesis. 

Bacterial Host Strains and Vectors — The Escherichia coli K12 strain 
DH5aF' (Life Technologies, Inc.) was used as host for the propagation 
and maintenance of MI3 DNA, and for expression of IL-8 and MIG 
proteins. Strain CJ236 was used to prepare uracil-DNA for use in 
site-directed mutagenesis (37). pGEX 4T-1 (Pharmacia Biotech Inc.) 
was used as the expression vector for all MIG cDNAs (38). pMAL-c2 
(New England BioLabs) was used as the expression vector for all IL-8 
cDNAs. 

Mutagenesis, Recombinant DNA, and Sequencing Protocols— Site- 
directed mutagenesis was followed the protocol described by Kunkel et 
al. (37). Individual clones were sequenced using the dideoxynucleotide 
method (39) with modifications described in the Sequenase® (U.S. 
Biochemical Corp.) protocol. M13 (replicative form) DNA (40) contain- 
ing confirmed MIG mutations was cleaved with BamVW and Xbal (New 
England Biolabs)and subcloned into pGEX 4T-L A 197-base pair Sac I 
(New England Biolabs) fragment from pMAL.hIL-8 (maltose binding 
protein-Ile-Glu-Gly-Arg-human IL-8 fusion protein expression vector) 
containing the coding sequence for the NH 2 -terminal 49 amino acids of 
the 72-amino acid form of human IL-8 sequence was subcloned to 
pUC118 (ATCC) digested with Sacl for site-directed mutagenesis. 
Clones containing confirmed IL-8 mutations were cleaved with Sacl 
and subcloned into pMAL.h IL-8 digested with Sacl. 

Cloning, Expression, and Purification of Human MIG — The open 
reading frame of human MIG (38) was amplified from cDNA generated 
from interferon y-stimulated (1000 units/ml for 16 h) THP-1 cells by 
polymerase chain reaction. The 5'-primer used, 5'-CAAGGTGGA- 
TCCATGAAGAAAAGTGGTGTTC-3', encodes a Bam HI restricition 
site immediately upstream of the ATG start site. The 3'-primer, 
5'-GCAAGCTCTAGATTATGTAGTCTTCTTTTGACGAGAACG-3', en- 
codes a Xbal restriction site immediately downstream of the TAA stop 
codon. The 402-base pair fragment was subcloned to M 13mpl9 and was 
confirmed as the human MIG open reading frame by sequencing. Thr 23 
of the open reading frame sequence is the predicted NH 4 -terminal 
aminoacid of the mature, secreted MIG protein (38) and will be referred 
to here as amino acid position 1. Amino acids Lys* and Gly 7 were 
modified to Glu and Leu, respectively, by site-directed mutagenesis, 
generating the MIG mutein ELR-MIG. A fiamHI restriction site was 
introduced overlapping Gly -1 and Thr 1 by site-directed mutagenesis 
(37), resulting in mutein MIG or ELR-MIG cDNAs encoding a Thr 1 to 
Ser substitution. 324-base pair fragments obtained from correct M13 



100-1 




-25 J 1 1 1 1 1 1 n 

0.05 0.1 0.5 1 5 10 60 

C-X-C Chemokines (nM) 

Fig. 1. Endothelial cell chemotaxis in response to CXC chemo- 
kines (50 pMto 50 nM). To demonstrate specific migration, background 
(unstimulated control) migration (cells/HPF) was subtracted. 

Table I 

Endothelial cell chemotaxis in response to CXC chemokines 
Experimental n = 3. 



Condition (10 nM) Increase over cootrol 





-fold 


IL-8 


5.L ±0.7 


ENA-78 


6.5 ± 0.8 


GCP2 


6.2 ± 0.4 


GRO-a 


5.3 ± 0.3 


GRO-/3 


3.5 ± 0.2 


GRO-y 


4.5 ± 0.5 


PBP 


3.4 ± 0.1 


CTAP-III 


5.2 ± 0.3 


p-TG 


1.6 ±0.2 


NAP-2 


3.9 ± 0.1 


IP-10 


O.t ± 0.1 


PF4 


0.1 ± 0.0 


MIG 


0.1 ± 0.0 



RF clones digested with BamttUXbal were subcloned topGEX4T-l to 
generate glutathione 5-transferase-MIG fusion DNAs (GST-MIG or 
GST-ELR-MIG). The sequence encoded by these DNAs contains the 
thrombin recognition sequence LVPRGS between the GST and MIG 
sequences. Digestion of GST-MIG fusion protein with thrombin is pre- 
dicted to release MIG protein having an NH 4 -terminal sequence Gly- 
Ser-Pro, versus the predicted nonmodified NH 4 -terminat sequence 
Thr-Pro. 

Cultures of E. coli strain DH5aF' harboring GST-MIG or GST-ELR- 
MIG plasmid were grown in 1 liter of LB media containing 50 /ig/ml 
ampicillin to A^ ~ 0.5 at 22 "C with aeration, and protein expression 
was induced by the addition of 0.1 mM final isopropyI-l-thio-0-D-galac- 
toside and continued incubation at 22 °C for 5-6 h. After induction, the 
cells were harvested by centrifuging at 6,000 X g for 10 min and the 
pellet was washed once in ice-cold PBS and resuspended in 10 ml of 
ice-cold 10 mM HEPES, 30 mM NaCI, 10 mM EDTA, 10 mMEGTA,0.25% 
Tween 20, 1 mM phenylmethylsulfonyl fluoride (added fresh), pH 7.5 
(lysis buffer). The resulting suspension was quick-frozen in liquid ni- 
trogen. After thawing, phenylmethylsulfonyl fluoride was again added 
to yield a final concentration of 2 mM. The suspension was sonicated 
using a Branson Sonifier 250 equipped with a microtip for 2 min at 
output setting 5 with a 40% duty cycle. Triton X-100 was added to a 
final concentration of 1%, and the lysate was mutated for 30 min at 
room temperature to aid in the solubilization of the fusion protein. The 
lysate was then centrifuged al 34,500 X g for 10 min, and the super- 
natant was transferred to a fresh tube. 

The GST-MIG protein was purified using the Pharmacia GST puri- 
fication module (Pharmacia) essentially as described in the manufac- 
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Fig. 2. Endothelial cell chemolaxis in response to IL-8 (10 nM), ENA-78 (10 nM), and bFGF (5 nM) in the presence of varying 
concentrations PF4 (50 pM to 10 nM;part a), IP-10 (50 pM to 10 nn\part A), and MIG (500 pM to 10 nM;part c). To demonstrate specific 
migration, background (unstimulated control) migration (cells/HPF) was subtracted. 



turer's protocol. GST-fusion protein sonicate was passed over a 2-ml 
glutathione-Sepharose 4B column equilibrated in PBS. After washing 
with PBS, the GST-fusion protein was eluted with 3 column volumes of 
10 mM reduced glutathione, 50 mM Tris-HCL, pH 8.0. 10 units of 
thrombin//4 2SO unit of fusion protein was added to the eluted GST-MIG 
or GST-ELR-MIG fusion protein and incubated at room temperature 
with occasional gentle mixing for 2-3 h. MIG or ELR-MIG protein was 
S95% cleaved from the GST protein under these conditions as moni- 
tered by SDS-PAGE (41). The pH of the MIG-containing solution was 
adjusted to 4.0 using 0.5 M sodium acetate, pH 4.0, filtered through a 
cellulose acetate 0.45-/i.m filter (Costar) and passed over a Mono S 
column (Pharmacia) equilibrated with 20 mM sodium acetate, pH 4.0. 
MIG protein was eluted as a single peak using a 0-2 m NaCl gradient, 
and dialyzed against 0.5 mM NaP0 4 , 20 mM NaCl, pH 7.0. Purified MIG 
and ELR-MIG was obtained endotoxin-free (<1.0 enzyme units/ml; 
QCL-1000 test, BioWhit taker), and yields ranged from 100-200 /ig/liter 
(quantitated by aminoacid analysis) with a purity of >95% (determined 
by SDS-PAGE, with apparent molecular mass of 16 kDa; amino acid 
analysis accuracy > 90%). Mass spectrometry of the purified MIG and 
ELR-MIG proteins confirmed their predicted mass. 

C toning. Expression, and Purification of Human IL-8— The 72- 
amino acid mature form of IL-8 was amplified using polymerase chain 



reaction from an IL-8 cDNA in pET3a (kindly provided by I. U. Schrauf- 
statter, Scripps Clinic). The 5'-primer used, 5 '-AGTGCT AAAG A ACT- 
TAGATG-3', encodes the beginning reading frame of IL-8, and the 3' 
primer, 5'-GGGATCCTCATGAATTCTC-3\ contains a Bam HI restric- 
tion site immediately after the stop codon. The 220-base pair PCR 
product was purified by gel electrophoresis, digested with Bam HI (New 
England Biolabs), subcloned into pMal-c2 previously digested with 
Xmnl and BamHl (New England Biolabs) to generate pMal.hIL-8. 
Clones containing inserts were confirmed by sequencing. Site-directed 
mutagenesis was used to modify amino acids Glu 4 -Leu 3 -Arg 6 to Thr- 
Val-Aig or Asp-Leu-G!n, generating TVR-IL-8 or DLQ-IL-8, respec- 
tively. Correct clones were identified by sequencing and subcloned as 
SacI fragments from pUCH8 into pMal.hIL-8 digested with Sad. 

Cultures of E. coli strain DH5aF' harboring pMal.hIL-8, pMal.TVR- 
IL-8, or pMal.DLQ-IL-8 were grown in 1-liter LB media containing 50 
jtg/ml ampicilin to A 600 ~~ 0.5 at 37 °C with aeration, and protein 
expression was induced by the addition of 0.3 mM final i sop ropy 1- 1-th io- 
j3-D-galactoside and continued incubation at 37 °C for 2 h. Cells were 
harvested by centrifuging at 5800 X g for 10 min and the pellet was 
washed once in ice-cold PBS and resuspended in 10 ml of ice-cold lysis 
buffer. The resulting suspension was quick-frozen in liquid nitrogen. 

After thawing, the suspension was sonicated using a Branson Soni- 
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Table II 

The IC50 of PF4, IP- 10, and MIG for the inhibition of the agonists 
IL-8, EN A -78, and bFGF 



Experimental n = 3. 



Agon isi 


IL-8 (10 dm) 


ENA78 (10 tm) 


bFGF (5 tim) 






M 


M 


PF4 


5 x lO"" 


5 x 10"" 


1 X 10" 9 


IP-10 


5 X 10" u 


5 x I0" n 


1 X I0" 9 


MIG 


5 X 1(T 10 


5 X 1CT 9 


1 X 1(T 9 



fier 250 equipped with a microtip for 2 min at output setting 5 with a 
40% duty cycle. The suspension was clarified by centrifugation at 9000 
X g, the supernatant was diluted 5-fold in 10 mM NaP0 4 , 500 mM NaCl, 
1 mM EGTA, 0.25% Tween 20, pH 7.0 (column buffer), and loaded onto 
a 10-mI amylose resin (New England Biolabs) affinity column. After 
extensive washing with column buffer, the maltose binding protein 
fusion protein was eluted with column buffer containing 10 mM maltose. 
Mutein or wild-type IL-8 proteins were released by incubation with 1 a.g 
of Factor Xa (New England Biolabs )/A 280 maltose binding protein fusion 
protein at room temperature overnight and were then passed over a 
Mono S column (Pharmacia) equilibrated in 10 mM NaP0 4 , pH 6.2, and 
eluted in a 0-1 m NaCl gradient. 1 ml of amylose resin was added to 
fractions containing mutant or wild-type IL-8 protein to remove resid- 
ual free maltose binding protein by incubation for 30 min at. room 
temperature with gentle shaking. The resin was removed by centrifu- 
gation, and the supernatant was dialyzed against 0.5 mM NaPO 4l 20 mM 
NaCl, pH 7.5. Yields were ranged from 0.2 to 3.5 mg for wild-type or 
mutant IL-8 proteins and were >95% pure as assessed by SDS-PAGE 
and endotoxin -free (<1.0 enzyme units/ml). Proteins were quantitated 
by amino acid analysis, and had accuracies between 88-93%. 

Endothelial Cell Chemotaxis — Endothelial cell chemotaxis was per- 
formed in 48-well chemotaxis chambers (Nucleopore Corp.) as described 
previously (28, 42). Briefly, bovine adrenal gland capillary endothelial 
cells were suspended at a concentration of 10 6 cells/ml in Dulbecco's 
modified Eagle's medium with 0.1% bovine serum albumin and placed 
into each of the bottom wells (25 p\). Nucleopore chemotaxis mem- 
branes (5-/xm pore size) were coaled with 0.1 mg/ml gelatin. The mem- 
branes were placed over the wells and the chambers were sealed, 
inverted, and incubated for 2 h to allow cells to adhere to the mem- 
brane. The chambers were then reinverted; 50 pA of sample (containing 
media alone, ELR-CXC chemokines, non-ELR-CXC chemokines, bFGF, 
or combinations of ELR-CXC and non-ELR-CXC chemokines or non- 
ELR-CXC chemokines and bFGF) was dispensed into the top wells and 
reincubated for an additional 2 h. Membranes were then fixed and 
stained with Diff-Quik staining kit (American Scientific Products), and 
cells that had migrated through the membrane were counted in 10 high 
power fields (HPF; 400X). Results were expressed as the number of 
endothelial cells that migrated per HPF after subtracting the back- 
ground (unstimulated control) to demonstrate specific migration. Each 
sample was assessed in triplicate. Experiments were repeated at least 
three times. 

Neutrophil Chemotaxis— Heparinized venous blood was collected 
from healthy volunteers and mixed 1:1 with 0.9% saline, and mononu- 
clear cells were separated by Ficoll-Hypaque density gradient centrif- 
ugation. Human neutrophils were then isolated by sedimentation in 5% 
dextran, 0.9% saline (Sigma) and separated from erythrocytes by hypo- 
tonic lysis. After washing twice, neutrophils were suspended in Hanks' 
balanced salt solution with calcium/magnesium (Life Technologies, 
Inc.) at a concentration of 2 X 10* cells/ml. Neutrophils were >95% 
viable as determined by trypan blue exclusion. Neutrophil chemotaxis 
was performed as described previously (43, 44). 150 pA of sample (BLR- 
CXC, non-ELR-CXC, or combination of ELR-CXC and non-ELR-CXC 
chemokines), I X 10~ 7 m formylmethionyleucylphenylalanine (Sigma), 
or Hanks' balanced salt solution (Life Technologies, Inc., Grand Island, 
NY) alone were placed in duplicate bottom wells of a blind well chemo- 
taxis chamber. A 3-p.m pore size polycarbonate filter (polyvinylpyrroli- 
done-free, Nucleopore Corp.) was placed in the assembly, and 250 p\ of 
human neutrophil was suspension placed in each of the top wells. 
Chemotaxis chamber assemblies were incubated at 37 °C in humidified 
95% air, 5% C0 2 for 60 min. The filters were removed, fixed in absolute 
methanol, and stained with 2% toluidine blue (Sigma). Neutrophils that 
had migrated through to the bottom of the filter were counted in 10 HPF 
(400X) using a Javelin chromachip camera (Javelin Electronics, Japan) 
attached to a Olympus BH-2 microscope interfaced with a Macintosh II 
computer containing an Image Capture 1000 frame grabber (Scion 
Corp., Walkersville, MD) and N1H Image, version 1.40 software (Na- 
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Table III 

Neutrophil chemotaxis in response to CXC chemokines. Control is 
m edia alone 

Experimental n = 3. 



Condition (10 n M ) Cells/HPF 



Control 


18.4 ± 1.8 


IPI0 


20.7 ± 4.2 


MIG 


8.6 ± 1.5 


IL-8 


96.4 ± 6.5 


IL-8 + IP 10 


94.1 ± 9.3 


IL-8 + MIG 


78.6 ± 10.5 



tional Institutes of Health Public Software, Bethesda, MD). Each sam- 
ple was assessed in triplicate. Experiments were repeated at least three 
times. 

Corneal Micropocket Model of Angiogenesis— In vivo angiogenic ac- 
tivity was assayed in the avascular cornea of Long Evans rat eyes, as 
described previously (28, 29, 42). Briefly, cytokines were combined with 
sterile Hydron (Interferon Sciences Inc.) casting solution, and 5-p\ 
aliquots were air-dried on the surface of polypropylene tubes. Prior to 
implantation, pellets were rehydrated with normal saline. Animals 
were anesthetized with an intraperitoneal injection of ketamine (150 
mg/kg) and atropine (250 /ng/kg). Rat corneas were anesthetized with 
0.5% proparacaine hydrochloride ophthalmic solution followed by im- 
plantation of the Hydron pellet into an intracorneal pocket (1-2 mm 
from the limbus). 6 days after implantation, animals were pretreated 
intraperitoneal^ with 1000 units of heparin (Elkins-Sinn, Inc., Cherry 
Hill, NJ), anesthetized with ketamine (150 mg/Kg), and perfused with 
10 ml of colloidal carbon via the left ventricle. Corneas were then 
harvested and photographed. No inflammatory response was observed 
in any of the corneas treated with the above cytokines. Positive neovas- 
cularization responses were recorded only if sustained directional in- 
growth of capillary sprouts and hairpin loops toward the implant were 
observed. Negative responses were recorded when either no growth was 
observed or when only an occasional sprout or hairpin loop displaying 
no evidence of sustained growth was detected. 

Statistical Analysis— Data were analyzed by a Macintosh Hfx com- 
puter using the Statview II statistical package (Abacus Concepts, Inc., 
Berkeley, CA). Data were expressed as mean ± S.E. and compared 
using the nonparametric analysis with the Wilcoxon signed rank test. 
Data were considered statistically significant if p values were <0.05. 

RESULTS 

CXC Chemokines Display Disparate Angiogenic Activity — 
Endothelial cell chemotaxis was performed in the presence or 
absence of IL-8, ENA-78, PF4, and IP-10 at concentrations of 
50 pM to 50 nM. Both IL-8 and ENA-78 demonstrated a dose- 
dependent increase in endothelial migration that was signifi- 
cantly greater (p < 0.05) than control (background) at concen- 
trations equal to or above 0.1 and 1 nM, respectively, with 
evidence of a "bell-shape" curve seen with other chemotactic 
factors (Fig. 1). In contrast, neither PF4 nor IP-10 induced 
significant (p > 0.05) endothelial cell chemotaxis (Fig. 1). Sim- 
ilar findings were also observed using either human umbilical 
or dermal microvascular endothelial cells (data not shown). 
The migration seen in response to IL-8 or ENA-78 was due to 
chemotaxis, not chemokinesis, as checkerboard analysis dem- 
onstrated directed, not random, migration (data not shown). 
Other CXC chemokines were tested for their ability to induce 
endothelial cell chemotaxis, including ELR-CXC chemokines 
IL-8, ENA-78, GCP-2, GRO-a, GRO-0, GRO-y, platelet basic 
protein, connective tissue activating protein-III, and neutro- 
phil-acttvating protein-2 or the.non-ELR CXC chemokines IP- 
10, PF4, and MIG (Table I). In a similar fashion to IL-8 or 
ENA-78, all of the ELR-CXC chemokines tested demonstrated 
significant (p < 0.05) endothelial cell chemotactic activity over 
the background control, whereas the endothelial cell chemotac- 
tic activity induced by MIG was either similar to background 
control or to the endothelial cell chemotactic activity seen with 
either PF4 or IP-10. These findings suggested that CXC che- 
mokines could be divided into two groups with defined biolog- 
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Fig. 3. Rat cornea neovascularization in response to ELR-CXC chemokines, non-ELR-CXC chemokines, bFGF, or combinations of 
these, cytokines. Part a, panels A, B, C, £, G, and /, respectively, represent the corneal neovascular response to a hydron pellet alone (vehicle 
control), IP-10 (10 nsi), IL-8 (10 hm), ENA-78 (10 nM), GRO-a (10 nM), or GCP-2 (10 nM); part a, panels O, F, H , and J, respectively, represent the 
combination ofIL-8 with IP-10, EN A-78 with IP-10. GRO-a with IP-10, or GCP-2 with IP-10. Part b f panels A-D, respectively, represent the corneal 
neovascular response to a hydron pellet alone (vehicle control), MIG (10 nM), IL-8 (10 nM), or EN A-78 (10 nM); part 6, panels E and f\ respectively, 
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icai activities, one that contains the ELR motif and is chemo- 
tactic for endothelial cells and the other that lacks the ELR 
motif and does not induce endothelial chemotaxis. 

PF4, IP-10, or MIG Inhibit IL-8-, ENA-78-, or bFGF -induced 
Angiogenic Activity— While the above experiments suggested 
that PF4, IP-10, and M1G were not significant chemotactic 
factors for endothelial cells, we postulated that these CXC 
chemokines may be potent inhibitors of angiogenesis. To test 
this hypothesis, endothelial cell chemotaxis was performed in 
the presence or absence of IL-8 (10 nM), ENA-78 (10 nM), or 
bFGF (5 nM) with or without varying concentrations of PF4, 
IP-10, or MIG from 0 to 10 nM (Fig. 2, «-c, respectively). 
Endothelial cell migration in response to either IL-8, ENA-78, 
or bFGF was significantly inhibited by PF4, IP-10, or MIG in a 
dose-dependent manner (Fig. 2). PF4 and IP-10 in a concentra- 
tion of 50 pM inhibited either IL-8- or ENA-78-induced endo- 
thelial chemotaxis by 50%, whereas, PF4 and IP-10 in a con- 
centration of I nM attenuated the response to bFGF by 50% 
(Fig. 2, a and b t and Table II). MIG at a concentration of I, 5, 
and 1 nM inhibited the endothelial cell chemotactic response to 
IL-8, ENA-78, and bFGF, respectively, by 50% (Fig. 2c and 
Table II). Interestingly, while IP-10 and MIG inhibited IL-8- 
induced endothelial cell chemotactic activity, neither IP-10 nor 
MIG were effective in attenuating IL-8-induced neutrophil che- 
motactic activity (p > 0.05) (Table III). 

The rat corneal micropocket model of neovascularization was 
used to determine whether IP-10 or MIG could inhibit the 
angiogenic activity of either the ELR-containing CXC chemo- 
kines or bFGF in vivo. Hydron pellets alone, pellets containing 
IL-8, ENA-78, GRO-a, GCP-2, IP-10, MIG, or bFGF in a con- 
centration of 10 nM, or pellets containing combinations of 10 nM 
each of IL-8 + IP-10, ENA-78 + IP-10, GRO-a + IP-10, GCP-2 
+ IP-10, IL-8 + MIG, ENA-78 + MIG, bFGF + IP 10, or bFGF 
+ MIG were embedded into the normally avascular rat cornea 
and assessed for a neovascular response (Fig. 3, a-c). The CXC 
chemokines (IL-8, ENA-78, GRO-a, or GCP-2) or bFGF-induced 
positive corneal angiogenic responses in six of six corneas, 
without evidence for significant leukocyte infiltration (assessed 
by light microscopy). In contrast, hydron pellets alone (n — 6 
corneas) or pellets containing either IP-10 or MIG (10 nM) (n = 
6 corneas for each chemokine) only resulted in a positive neo- 
vascular response in less than one of six corneas tested for each 
variable. When IP-10 was added in combination with the ELR- 
CXC chemokines (IL-8, ENA-78, GRO-a, or GCP-2) or bFGF 
(Fig. 3, a and c, respectively), IP-10 significantly abrogated the 
ELR-CXC chemokine and bFGF-induced angiogenic activity in 
five of six corneas (n — 6 corneas for each manipulation). In 
addition, MIG inhibited IL-8, ENA-78, and bFGF-induced cor- 
neal angiogenic activity in a similar manner to IP-10 (Fig. 3, b 
and c). 

ELR Muteins of IL-8 and MIG Generate Angiostatic and 
Angiogenic Proteins, Respectively— Muteins of IL-8 lacking the 
ELR motif and a mutant of MIG containing the ELR motif were 
generated to delineate its functional role in CXC chemokine- 
induced angiogenesis. The ELR motif in wild-type IL-8 was 
mutated to either TVR (TVR-IL-8; corresponding IP-10 se- 
quence) or DLQ (DLQ-IL-8; corresponding to PF4 sequence) by 
site-directed mutagenesis and expressed in E. coli. TVR-IL-8 
and DLQ-IL-8 alone failed to induce endothelial cell chemotac- 
tic activity (Fig. 4, A and B, respectively), yet these muteins 
inhibited the maximal endothelial chemotactic activity of wild- 
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Fig. 4. Endothelial cell chemotaxis in response to the presence 
or absence of varying concentrations of IL-8 and IL-8 muteins, 
TVR-IL-8, and DLQ-IL-8. Panel A is endothelial cell chemotaxis in 
response to the presence or absence of varying concentrations of IL-8 
(1-10 nM), TVR-IL-8 (10 nM), or in combination of varying concentra- 
tions of IL-8 with TVR-IL : 8 (10 nM). Panel B is endothelial cell chemo- 
taxis in response to the presence or absence of varying concentrations of 
IL-8 (1 — 10 nM), DLQ-IL-8 (10 nM), or in combination of varying concen- 
trations of IL-8 with DLQ-IL-8 (10 nM). To demonstrate specific migra- 
tion, background (unstimulated control) migration (cells/HPF) was 
subtracted. 



type IL-8 by 83 and 88% {p < 0.05), respectively (Fig. 4, A and 
B). Endothelial cell viability, as determined by the exclusion of 
trypan blue, was unchanged in the presence or absence of 
either of the IL-8 muteins (data not shown). Neither TVR-IL-8 
nor DLQ-IL-8 induced neutrophil chemotaxis, nor were they 
effective in attenuating neutrophil chemotaxis in response to 
IL-8 (data not shown). 

Using the in vivo rat cornea micropocket model of neovascu- 
larization, TVR-IL-8 (10 nM) alone did not induce a positive 
neovascular response in any of the six corneas tested. However, 
TVR-IL-8 (10 nM) in combination with either IL-8 (10 nM) or 
ENA-78 (10 nM) resulted in 83% reduction (only one of six 
corneas positive) in the ability of either IL-8 or ENA-78 to 
induce cornea neovascularization, as compared with 100% (six 
of six) of the corneas positive in the presence of either IL-8 or 
ENA-78 alone (Fig. 5). Moreover, the angiostatic activity of the 
IL-8 muteins was not only unique to inhibition of ELR-CXC 
chemokine-induced angiogenic activity, as TVR-IL-8 (10 nM) 



represents the corneal neovascular response to the combination of IL-8 with MIG or ENA-78 with MIG. Part c, panels A-D, respectively, represents 
the corneal neovascular response to a hydron pellet alone (vehicle control), bFGF (5 nM), MIG (10 nM), or IP-10 (10 nM); part empanels E and F, 
respectively, represents the corneal neovascular response to the combination of bFGF with MIG or bFGF and IP-10. All panels are at 25 X 
magnification. 
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Fig. 5. Rat cornea neovasculariza- 
tion in response to the IL-8, ENA-78, 
the IL-8 mutein (TVR-IL-8), and com- 
binations of ENA-78 and TVR-IL-8 or 
IL-8 and TVR-IL-8. Panels A-D repre- 
sent a hydron pellet alone, TVR-IL-8 (10 
nM), ENA-78 (10 nM), and IL-8 (10 nM), 
respectively. Panels E and F represent 
the combination of ENA-78 and TVR-IL-8 
and of IL-8 and TVR-IL-8, respectively. 
All panels are at 25X magnification. 




inhibited both bFGF-induced (10 nM) maximal endothelial cell 
chemotaxis by 65% (p < 0.05) (Fig. 6a) and corneal neovascu- 
larization (five of six corneas; n = 6 corneas for each cytokine) 
(Fig. 6b). Endothelial cell viability, as determined by the exclu- 
sion of trypan blue, was unchanged in the presence or absence 
of the TVR-IL-8 mutant (data not shown). In addition, ELR- 
MIG (10 nM) induced angiogenic responses in 8 of 10 corneas, as 
compared with wild-type MIG, which induced an angiogenic 
response in only 1 of 7 corneas (Fig. 7, A-D). Interestingly, MIG 
(10 nM) inhibited the angiogenic response of ELR-MIG in five of 
six corneas (Fig. 7, E and F). These data further support the 
importance of the ELR motif as a domain for mediating angio- 
genic activity. Similar to the synthetic ELR-IP-10 (36), ELR- 
MIG in a concentration of 10 pM to 100 nM failed to induce 
neutrophil chemotaxis (data not shown). 

DISCUSSION 

The CXC chemokine family of chemotactic cytokines are 
polypeptide molecules that appear, in general, to have proin- 
flammatory activities. In monomeric forms, they range from 7 
to 10 kDa and are characteristically basic heparin-binding 
proteins. They display four highly conserved cysteine amino 
acid residues with the first two cysteines separated by a non- 
conserved amino acid residue (the CXC cysteine motif). The 
CXC chemokines are all clustered on human chromosome 4 
(ql2-q21), and exhibit between 20 and 50% homology on the 
amino acid level (31-34). Over the last 2 decades, several 
human CXC chemokines have been identified, including PF4, 
NH 2 -terminaI truncated forms of platelet basic protein (connec- 
tive tissue activating protein-HI, /3-thromboglobuIin, neutro- 
phil-activating protein-2), IL-8, GRO-a, GRO-0, GRO-7, ENA- 
78, GCP-2, IP-10, and MIG (31-34, 38). The ubiquitous nature 



of CXC chemokine production by a variety of cells suggest that 
these cytokines may play a role in mediating biological events 
other than leukocyte chemotaxis. 

We hypothesized that members of the CXC chemokine family 
may exert disparate effects in mediating angiogenesis as a 
function of the presence or absence of the ELR motif for pri- 
marily four reasons. First, members of the CXC chemokine 
family that display binding and activation of neutrophils share 
the highly conserved ELR motif that immediately precedes the 
first cysteine amino acid residue, whereas, PF4, IP-10, and 
MIG lack this motif (35, 36). Second, IL-8 (contains ELR motif) 
mediates both endothelial cell chemotactic and proliferative 
activity in vitro and angiogenic activity in vivo (28), and, in 
addition, endogenous IL-8 has been found to represent a major 
angiogenic factor that mediates net angiogenic activity of hu- 
man nonsmall cell lung cancer (42). In contrast, PF4 (lacking 
the ELR motif) has been shown to have ahgiostatic properties 
(27), and attenuates growth of tumors in vivo (45). Third, the 
interferons (IFN-a, IFN-j3, and IFN-7) are all known inhibitors 
of wound repair, especially angiogenesis (18, 46-49). These 
cytokines, however, up-regulate IP-10 and MIG from a number 
of cells, including keratinocytes, fibroblasts, endothelial cells, 
and mononuclear phagocytes (38, 50). Finally, we and others 
have found that IFN-a, IFN-/3, and IFN--yare potent inhibitors 
of the production of monocyte-derived IL-8, GRO-a, and 
ENA-78 (51, 52), supporting the notion that IFN-a, IFN-/3, and 
IFN-ymay shift the biological balance of ELR- and non-ELR- 
CXC chemokines toward a preponderance of angiostatic (non- 
ELR) CXC chemokines. 

In this study, we demonstrated that the members of the CXC 
chemokine family behave as either angiogenic or angiostatic 
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Fig. 6, Endothelial chemotaxis 
{part a) and rat cornea neovascular- 
ization {part b) in response to the 
presence or absence of varying con- 
centrations of bFGF and the IL-8 m u- 
tein, TVR-IL-8 (10 nM). Part a is the 
endothelial chemotaxis in response to the 
presence or absence of varying concentra- 
tions of bFGF (1-10 nM), TVR-IL-8 (10 
nM), or in combination of varying concen- 
trations ofIL-8 with TVR-IL-8 (10 nM). To 
demonstrate specific migration, back- 
ground (unstimulated control) migration 
(cells/HPF) was subtracted. Part £>, panels 
A-C is rat cornea neovascularization in 
response to bFGF (10 nM), TVR-IL-8 
(10 nM), and the combination of bFGF 
and TVR-IL-8 at 25X magnification, 
respectively. 




factors, depending upon the presence or absence of the ELR 
motif, respectively. This was supported using both in vitro 
(endothelial cell chemotaxis) and in vivo (rat cornea neovascu- 
larization) analyses. The evidence in vitro of directed (chemo- 
taxis not chemokinesis by checkerboard analysis) migration in 
response to varying concentrations of ELR-CXC chemokines, 
IL-8, ENA-78, and the MIG mutein ELR-MIG, and the absence 
in vivo of leukocyte infiltration in the rat cornea during ELR- 
CXC chemokine-induced neovascularization, supports the di- 
rect role ELR-containing CXC chemokines play in mediating 
angiogenic activity. In contrast, CXC chemokines lacking the 
ELR motif, PF4, IP-10, MIG, and the two IL-8 muteins DLQ- 
IL-8 and TVR-IL-8, behave as potent angiostatic regulators of 
neovascularization, inhibiting not only the angiogenic activity 
of ELR-CXC chemokines, but also the structurally unrelated 
angiogenic factor, bFGF. Thus, the ELR motif appears to be 
essential for dictating the angiogenic activity of the CXC 
chemokines. 

These findings are compatible with the ability of ELR-con- 
taining CXC chemokines to bind to both endothelial cells and 
neutrophils. However, the non-ELR muteins of wild-type IL-8, 
as well as 1P-I0 and MIG, inhibited ELR-CXC chemokine- 
induced angiogenesis but not neutrophil chemotaxis. The find- 
ing that IP-10 and MIG block other ELR-CXC chemokine- 
induced functions, i.e. angiogenesis, is unprecedented (53). 
Moreover, the muteins of wild-type IL-8, as well as IP-10 and 
MIG, also inhibited the angiogenic activity of the unrelated 
cytokine, bFGF, suggesting that a receptor system(s) other 



than the IL-8 receptor may be operative on endothelial cells, 
which allows the angiostatic CXC chemokines to regulate both 
ELR-CXC chemokine and bFGF-induced angiogenic activity. 
This contention is further supported with the evidence that 
equi molar concentrations of mutant and wild-type IL-8 do not 
result in a 50% restoration of the endothelial cell chemotactic 
effect. This response is most likely due to the use of another 
"receptor" by the angiostatic CXC chemokines. While the Duffy 
antigen receptor for chemokines has been identified on post- 
capillary venule endothelial cells (54), this receptor binds not 
only ELR-CXC chemokines, but also MCP-1 and RANTES (55). 
We have found that these latter two CC chemokines are not 
chemotactic for endothelial cells (data not shown). 

While the NH 2 -terminal ELR motif appears to be essential 
for angiogenic activity of CXC chemokines, it is uncertain 
whether the angiostatic properties of the non-ELR-CXC che- 
mokines tested are due to the absence of the ELR motif. In 
particular, bFGF binds to low affinity cell surface receptors on 
endothelia that appear to be sulfate proteoglycans (47, 56), and 
IL-8 specific binding to endothelial cells can be inhibited by 
preincubation with either heparin or heparan sulfate (57). One 
can speculate that, in the absence of the ELR motif, a potential 
mechanism exists by which another amino acid domain, per- 
haps within the COOH terminus of PF4, IP-10, MIG, TVR-IL-8, 
and DLQ-IL-8 may compete with either ELR-CXC chemokines 
or bFGF for proteoglycan binding sites and thus prevent endo- 
thelial cell activation and angiogenesis. It also possible, how- 
ever, that the angiostatic effects of CXC chemokines lacking 
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Fig. 7. Rat cornea neovasculariza- 
tion in response to the MIG mutein, 
ELR-MIG, MIG, and the combination 
of ELR-MIG and MIG. Panels A and B 
represents the cornea neovascular re- 
sponse to ELR-MIG (10 nM) at 25 and 
SOX, respectively. Panels C and D repre- 
sent the cornea neovascular response to 
MIG (10 nM) at 25 and 50 X magnification, 
respectively. Panels E and F represent 
the cornea neovascular response to the 
combination of ELR-MIG and MIG at 25 
and 50X magnification, respectively. 




the ELR motif are not directly competitive in nature, but are 
rather mediated through an independent receptor system. 
Studies in our laboratories are currently addressing these 
issues. 

The interferons have been shown to inhibit wound repair and 
tumorigenesis through a presumed antiproliferative and angio- 
static mechanism (46-49). While the expression of IL-8, 
GRO-a, and ENA-78 can be induced by a variety of factors, 
including TNF and IL-1, these chemokines are down-regulated 
by IFN--y (51, 52). In contrast, IP-10 and MIG expression is 
up-regulated by IFN--y(38, 50). This suggests that the dispar- 
ate activity of the CXC chemokines as angiogenic or angiostatic 
factors may be physiologically relevant. The Finding that IP-10 
and MIG are potent angiostatic factors suggests that IFN-y, in 
part, may mediate its angiostatic activity through the local 
stimulation of production of IP-10 and MIG and by down- 
regulation of the expression of the angiogenic CXC chemokines, 
such as IL-8 and ENA-78. This suggests that the magnitude of 
local IFN-7 expression by mononuclear cells during wound 
repair, chronic inflammation, or tumorigenesis may be a piv- 
otal event in regulating both angiogenic (through negative 
feedback) and angiostatic (through positive feedback) CXC che- 
mokine production. 

Thus, our findings suggest that the ELR motif is the func- 
tional domain that dictates the angiogenic activity of the CXC 
chemokines, and supports the contention that members of the 
CXC chemokine family may exert disparate effects in mediat- 
ing angiogenesis. The magnitude of the expression and relative 
concentrations of either angiogenic or angiostatic CXC chemo- 
kines during neovascularization may thus significantly con- 



tribute to the regulation of net angiogenesis during either 
wound repair, chronic inflammation, or tumorigenesis. 
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Abstract 



We investigated the effect of blood coagulation factor 
XIII (FXIII) on enhanced permeability induced by anti- 
endothelial cell antiserum, that was produced by the 
immunization of guinea pig endothelial cells with 
adjuvant into .rabbits repeatedly. We have found that 
this antiserum reacts to human and guinea pig 
endothelial cells but not guinea pig fibroblast cells . 
The permeability was enhanced by intradermal injection 
of 400-fold dilution of this antiserum into dorsal skin 
of guinea pigs. The mixture of equal volume of 
antiserum and FXIII was intraderraally injected into 
dorsal skin of guinea pig after Evans blue injection, 
and 15 minutes later the quantity of Evans blue at the 
each injection site was determined. We recognized the 
suppressive effect of FXIII on the dye leakage. We also 
studied the suppressive effect on swelling induced by 
the antiserum. After the subcutaneous injection of the 
mixture of antiserum and FXIII into the back of guinea 
pigs, we measured the thickness of skins at the 
injection site after day 1, 2 and 3.. As a result, FXIII 
significantly suppressed the swelling- We found that 
FXIII suppresses the acute and subacute permeability 
enhancement. These results suggest that FXIII plays an 
important role on an inflammatory site and that it may 
exert as an ant i- inflammatory protein. 



Blood coagulation factor XIII (FXIII), the last enzyme in the 



Key words: Factor XIII, ant i -endothelial cell antiserum, vascular 
permeability, ant i -inflammatory protein, Schonlein Henoch purpura 
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blood coagulation cascade, is a transamidase that catalyzes the 
formation of y - gultamyl - e - lysyl peptide crosslinks between 
polypeptide chains in adjacent fibrin monomers and other plasma 
proteins (1, 2, 3) . Crosslinks of each fibrin molecule caused a 
marked increase in the rigidity of the clot network (4). On the 
other hands, the crosslinks between fibrin and cellular matrix 
protein such as fibronectin may exert to connect fibrin molecules 
with the injury sites (5). It is well known that clots play an 
important role in the prevention of further tissue damage and in 
subsequent wound healing (6) . SchSnlein Henoch purpura (SHP) is 
characterized by hemorrhagic skin lesions, abdominal symptoms 
including gastro-intestinal bleeding, renal involvement with 
proteinuria and' hematuria and swelling of joints (7). The symptoms 
are ascribed to generalized inflammation of arterioles and 
capillaries. That is, the local changes of the coagulation and 
fibrinolytic system due to immunoreaction were induced in the 
affected vessels. In 1977, Henriksson and colleagues described a 
lowering of FXIII activity during the acute phase of this 
disease (8). The mechanism of the decrease of FXIII activity in 
the acute phase of SHP has not yet been clarified. Destruction of 
FXIII molecules by protease derived from leukocytes which migrated 
into the inflammation sites has been proposed (9). In this 
connection, Kamitsuji and Fukui et al . reported that the 
administration of FXIII concentrate may contribute to the 
improvement of gastro-intestinal complications of SHP 
patients (10) . Recently FXIII concentrate (Fibrogammin P) is used 
for the treatment of SHP patients (11) . According to Matsuoka (12) , 
Bowie et al.(13) and Ito et al.(14), this vasculitis of SHP is 
regarded as the immunovascular disease that antibody-antigen 
complexes on the vascular capillary endothelial cells enhances the 
vascular permeability. Consequently nonthrombocytopenic purpura 
caused by the injection of anti-endothelial cell antiserum (15) . 
In the present study, we investigated whether or * not human FXIII 
suppresses the enhancement of permeability and swelling induced by 
anti-endothelial cell antiserum in guinea pigs. 



MATERIALS AND METHODS 

Materials 

Materials were purchased from the following suppliers: Dulbecco 
phosphate buffer, Dulbecco MEM, FCS(Gibco, USA) , ECGS (Calbiochem, 
USA), Freund's ad juvant (Dif co, USA), FITC conjugated anti-rabbit 
IgG(Cappel, USA), Evans blue, potassium hydroxide (KOH, Kanto 
Kagaku, Japan), phosphoric acid(Wako Pure Chemical, Japan) , Guinea 
pig complement (Kyokuto, Japan), and Human FXIII (Fibrogammin P, 
Behringwerke, FRG) . 
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Preparation of anti-guinea pig; endothelial cell antiserum 
Guinea pig endothelial cells were isolated from the main artery 
and vena cava (16)/ then cells were inoculated into tissue culture 
dishes and incubated for several days with Dulbecco MEM containing 
15% FCS and 37.5 fig/ml ECGS till reaching confluency. Confluent 
monolayer was harvested by a cell scraper. The cells were rinsed 
twice with Dulbecco phosphate buffered saline (pH 7.2). These cells 
were used as an antigen for the production of anti-endothelial 
cell antiserum. The antiserum was obtained from rabbits immunized 
with emulsion of Freund's complete adjuvant with guinea pig 
endothelial cells, and boosted with emulsion of Freund's 
incomplete adjuvant. After several times of boosting, the 
antibody titer was measured with guinea pig endothelial cells by 
the methods of cytolysis and indirect immunofluorescence 
microscopy using FITC conjugated anti-rabbit IgG(17) . 

Measurement of antibody titer of anti-endothelial cell antiserum 
Confluent monolayer of guinea pig endothelial cells in a 96-well 
plate was incubated with 50 Jil of variously diluted antiserum in 
Dulbecco MEM-15% FCS for 30 min. The medium was then replaced to 
50 nl of 5% guinea pig complement in Dulbecco MEM-15% FCS and the 
cells were further incubated for 30 min. After addition of 10 \il 
of trypan blue solution, the cell layers were photographed to 
evaluate the extent of cell lysis. Indirect immunofluorescence 
microscopy was done as follows. The antiserum was serially diluted 
two times. The diluted antiserum was then incubated with the main 
artery at room temperature for 1 hour and rinsed 3 times with 
Dulbecco phosphate buffer. After washing, 1000-fold dilution of 
FITC conjugated anti-rabbit IgG was added to the sections, 
incubated for 30 minutes at room temperature, and washed 3 times 
with Dulbecco phosphate buffer. All sections were observed by a 
Nikon microscope equipped with a mercury lamp. The titer was 
taken as a highest dilution which gave a fluorescent staining just 
above the background staining of normal serum controls. 

Duration of activity of permeability enhancement 
Measurement of permeability was studied according to Yamamoto et 
al.(18). A 100 \il portion of 50-fold diluted antiserum was 
intradermally injected into the back of a guinea pig before 
intravenous injection of 0.5 ml of 1 % Evans blue. After 15 
minutes of the Evans blue injection, the back skins were harvested 
and the blue lesions were observed. 

Suppressive effect of FXIII on the permeability enhancement 

A 100 fil portion of either each diluted antiserum or the mixture 

of equal volume of FXIII and the diluted antiserum was 
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intradermally injected into the dorsal skin of guinea pigs after 
intravenous injection of Evans blue. After 15 minutes, skins were 
harvested and blue lesions in the skins were observed. 

Extraction of Evans blue from guinea pig skins 

Evans blue was extracted from skins, soaked with 1 ml of 1 M KOH 
solution, and incubated at 37°C overnight. After the incubation, 
3 ml of 0.6 N phosphoric acid and 3 ml of FRIGEN (Behringwerke, 
FRG) , a defatting agent, was added to each tube and mixed for 30. 
sec. with a Vortex mixer. Each tube was centrifuged at 3000 rpm 
for 15 minutes, and the absorbance of the supernatant was measured 
at 620 nm(19) . 

Suppressive effect of FXIII on the swelling 

One milliliter of equal volume mixture of FXIII and the intact 
antiserum was subcutaneously injected into the dorsum of guinea 
pigs. After days 1, 2 and 3, the skins were harvested and the 
thickness was measured with a slide . caliper at injection sites as 
a marker of swelling. The swelling was shown by the difference of 
the thicknesses between a injection and a non-injection site. 



RESULTS 

Characterization of polyclonal anti-guinea pig endothelial cell 
antiserum 

The antibody titer was determined with guinea pig endothelial 
cells by the methods of cytolysis and indirect immunof luoresence 
microscopy using FITC conjugated anti-rabbit IgG. As a result, 
the 50% cytolysis was observed by the 60-fold dilution of 
antiserum, and the fluorescence was observed by 400-fold dilution. 
The antiserum exhibited the reactivity with not only guinea pig 
but also human endothelial cells. However it did not react with 
guinea pig fibroblasts. When the cryosection of the main artery 
of a guinea pig was used for the indirect immunofluorescence test, 
the fluorescence was observed on the inner membrane which was 
seemed to be endothelial cell. It was also found that the 
antiserum reacted with the extracellular matrix proteins produced 
by endothelial cells (data not shown) . 

Enhanced permeability 

First> we studied whether this antiserum induced the permeability 
in guinea pigs. The variation of permeability after intradermal 
injection is shown in Fig. 1. The permeability reached the 
maximum within 5 minutes. This activity for enhancing the 
permeability almost disappeared within 30 minutes after the 
injection. This permeability enhancing phenomenon was classified 
as a short lasting reaction. We next investigated the dose 
response of this antiserum. As shown in Fig. 2, the activity of 
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FIG. 1. 



Time course of permeability enhancement induced by anti 
-endothelial cell antiserum. Antiserum was injected 
into a guinea pig at varying times before intravenous 
dye injection. Time 0 means an intradermal injection 
immediately after intravenous dye injection. (A) : 
antiserum, 60 min, (B) : antiserum, 30 min, (C) : 
antiserum, 0 min, <D) : saline, 30 min, (E) : rabbit 
serum, 60 min, (F) : rabbit serum, 30 min, (G) : rabbit 
serum, 0 min, (H) ; saline, 0 min 



enhancing the permeability is recognized by 400-fold dilution of 
antiserum. The effect of FXIII was examined on the vascular 
permeability induced by the antiserum. In this experiment, the 
mixture of antiserum was injected with various concentration of 
FXIII. As shown in Fig. 3, FXIII shows the suppressive effect on 
the dye leakage in a dose dependent fashion. We obtained a result 
that both 200-fold and 400-fold diluted antiserum exhibit the same 
tendency. Thus the effect of FXIII was examined in 10 guinea pigs 
and the dye leakage was measured in extravascular space. As shown 
in Fig. 4, FXIII exhibited the suppressive effect in a dose 
dependent manner. 

Suppressive effect of FXIII on the swelling 

When the antiserum was subcutaneously injected into a dorsal skin 
of guinea pig, edema, in addition to hemorrhage was observed at 
injection site (20) . Thus we examined the suppressive effect of 
FXIII on the swelling. On injecting the mixture of FXIII and 
antiserum, the edema was significantly suppressed by FXIII on day 
1 and 2 (Fig. 5). This result indicates that FXIII suppresses the 
permeability in the acute and the subacute phase as well. 
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FIG. 2, 



Dose response of anti-endothelial cell antiserum in a 
guinea pig. Each sample was injected immediately after a 
intravenous dye leakage. NRS: Normal rabbit serum 

DISCUSSION 

For more than 20 years after its detection of FXIII, many authors 
have reported that a clotting factor, FXIII, influenced a lot of 
other systems and thus it was often termed a connective tissue 
factors (21) . The fibrin stabilizing effect is an example of 
general properties of this factor which crosslinks proteins with 
suitably configurated e - lysyl- and y - glutamyl - residues. Many 
kinds of proteins are listed as substrates for FXIII, e.g. 
fibrin (1), collagen (22) , f ibronectin (5) , actin(23) and factor 
V(24) . In this context, the binding of biogenic amines to 
proteins by FXIII may also participate in the elimination of toxic 
substances like histamine. FXIII concentrate has been recently 
used not only for the promotion of the wound healing but also for 
the treatment of Shonlein Henoch Purpura (SUP) (6,10). The clinical 
effects of FXIII on SHP are probably due to the stabilization of 
microvasculature leading to a reduction of the leakage at 
inflammatory sites. Pilger et al(25) has reported that FXIII 
shows the suppressive/sealing effect in a screlodermia patient. 
However none of these reports showed the sealing/suppressive 
effect on the permeability by FXIII in animal studies. This 
vasculitis of SHP is regarded as the immunovascular disease that 
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the vascular permeability is enhanced by the formation of the 
antigen-antibody complex not with standing ambiguity of trigger 
which may include drugs, foods, insect bites or bacterial 
infections {11, 12, 13, 14) . Thus we tried to demonstrate the 
suppressive effect of FXII I on permeability enhancement induced by 
anti-endothelial cell antiserum. As shown in Figs. 1 and 2, anti- 
endothelial cell antiserum induces the enhancement of 
permeability. This phenomenon can be caused by factors such as 
complement fragments and histamine etc. which are produced by the 
activation of complement system after complex formation of 
antiserum with endothelial cells (11, 12, 13, 14) . As this phenomenon 
shows the dose dependent manner by antiserum, condition of SHP 
patients may be influenced seriously depending on the extent of 
the antibody generation. SHP patients show the increase of plasma 
level of IgA and the imbalance of serum IgG subclass and 
IgM(13, 14,26) . As shown in Figs. 3, 4 and 5, FXIII suppresses the 
vascular permeability in acute phase and the edema in subacute 
phase. These results are supported by some clinical studies. 
Kamitsuji et al.(10) and Fukui et al. (11) have reported that FXIII 
shows the suppressive effect on the swelling of joints of SHP 
patients . 



1/200 diluted Ab 



1/400 diluted Ab 




FIG. 3. 

Suppressive effect of FXIII on the permeability 
enhancement induced by anti-endothelial cell antiserum. 
FXIII was used with the final concentration at a 
injection site of (A), 3.0 U; (B) , 1.5 U; (C) , 0.75 U; 
(D), 0.38 U; (£) , medium control. The mixture of FXIII 
and either 200- or 400- fold diluted antiserum was 
injected immediately after the intravenous injection of 
dye. 
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FIG. 4 

Suppressive effect of FXIII on the permeability induced 
by anti-guinea pig endothelial cell antiserum. 
Extraction of Evans blue at the injection site was 
according to the materials and methods. n=10, *: p<0.05, 
**: p<0.01 In this experiment, we used the 300-fold 
diluted anti-endothelial cell antiserum as a permeability 
inducer. FXIII was mixed with antiserum, then the 
mixture was injected intradermal ly. 
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~ 0 1 2 3 
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FIG. 5. 

Effect of FXIII on the swelling induced by anti-guinea 
pig endothelial cell antiserum. Open circle (o) denotes 
the antiserum alone. Closed circle {•) denotes the 
FXIII plus antiserum. n=5, *: p<0:05, **: P/0.01 
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Pilqer et al.{25> reported that FXIII also shows the suppressive 
effect on vascular permeability in sclerodermia patients. These 
results suggest that FXIII may crosslink cellular matrices to 
prevent the opening of the space between cells (27) and that it may 
crosslink the enhancing factors for the permeability (21) . We have 
succeeded in demonstrating the suppressive effect of FXIII on 
vascular permeability in an animal study. This study indicates 
that FXIII may play a crucial role in an inflammatory site. 
Consequently it seems that FXIII therapies are necessary for the 
treatment of some inflammatory diseases (28,29). 
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Tumor Cells Secrete a Vascular Permeability Factor That 
Promotes Accumulation of Ascites Fluid 

Abstract. Tumor ascites fluids from guinea pigs, hamsters, and mice contain 
activity that rapidly increases microvascular permeability. Similiar activity is also 
secreted by these tumor cells and a variety of other tumor cell lines in vitro. The 
permeability-increasing activity purified from either the culture medium or ascites 
fluid of one tumor, the guinea pig line 10 hepatocarcinoma, is a 34,000- to 42,000- 
dalton protein distinct from other known permeability factors. 



Abnormal accumulation of fluid com- 
monly accompanies solid and particular- 
ly ascites tumor growth (/). To investi- 
gate the mechanism of tumor ascites 
formation, we measured the rates of in- 
flux and efflux of I25 I-labeted human 
serum albumin (HSA) at various times 
after the implantation of tumor cells in 
the peritoneal cavities of guinea pigs. We 
detected a markedly increased influx of 
HSA as early as 1 hour after intraperito- 
neal injection of guinea pig line 10 hepa- 
tocarcinoma cells, which provoke a sub- 
stantial accumulation of ascites fluid (Ta- 
ble I). In contrast, efflux of HSA from 
the peritoneal cavities of animals bearing 
line 10 tumors did not change significant- 
ly, even with progressive tumor growth 
(2). 

To establish whether the increased in- 
flux of fluid induced by tumor cells re- 
flects an alteration in vessel permeabili- 
ty, we injected animals intravenously 
with colloidal carbon. Examination of 
the peritoneal cavities of strain 2 guinea 
pigs, Syrian hamsters, and A/Jax mice 
bearing syngeneic ascites tumors (line 
10, HSV-NIL8, and TA3-St, respective- 
ly) revealed that many venules of the 
peritoneal wall, diaphragm, mesentery, 
and gastrointestinal serosal surfaces 
were heavily labeled with colloidal car- 
bon, indicating increased permeability; 
comparable vessels in control animals 
were not labeled. 

These observations suggest that tumor 
ascites may be attributable to alterations 
in the permeability of vessels lining the 
peritoneum. To investigate the basis for 
this increased permeability, we used the 
Miles assay (J) to test ascites fluid for the 
presence of factors that increase vascu- 
lar permeability (Table 2 and Fig. 1). 

25 FEBRUARY 1983 



Ascites fluid from line 10 guinea pig and 
TA3-St mouse carcinomas and the HSV- 
NIL8 hamster sarcoma all markedly in- 
creased local cutaneous vascular perme- 
ability. The increase was evident after I 
minute and maximal within 5 to 10 min- 
utes. By contrast, platelet-poor plasma 
samples from the same species (Table 2 
and Fig. 1) and oil-induced peritoneal 
exudate fluids (4) had little or no activity. 
The tumor ascites permeability-increas- 
ing activity was not inhibitejJby soybean 
trypsin inhibitor ( 1000 M-g/ml); therefore, 
it is not PF/dil <5), a permeability factor 
unmasked when serum is diluted '> I • 100 
(6). 

We previously reported that line 10 



Table I. Peritoneal vessel permeability. Guin- 
ea pigs (400 g) were injected intraperitoneally 
with 3 x 10 7 line 1 or line 10 tumor cells (17) 
or with peritoneal exudate cells in Hanks 
balanced salt solution (HBSS) and immediate- 
ly thereafter were injected intravenously with 
,25 i-labeled HSA (5 x 10* dis/min): One hour 
later the animals were exsanguinated under 
ether anesthesia, and peritoneal fluid was 
collected following intraperitoneal injection of 
20 ml of heparinized (10 U/ml) HBSS. Fop 
each animal total radioactivity in the ascites 
fluid was determined and normalized for that 
in the blood: influx of HSA was computed as 
the ratio of total disintegrations per minute in 
peritoneal fluid to those per milliliter of blood. 
Net influx was determined by subtracting 
influx values for control animals. Values are 
means ± standard errors (N - 4). 



Type of cells 
injected 
intraperitoneally 


Net peritoneal 
influx of HSA 


Line 1 


0.09 ± 0.04 


Line 10 


0.41 ± 0.08 


Line 10 + immune IgG 


0. 1 1 ± 0:03 


(2 mg) 




Peritoneal exudate 


0 . 



tumor cells release a vascular permeabil- 
ity-increasing activity in serum-free cul- 
ture (7). This activity is not inhibited by 
soybean trypsin inhibitor (200 ^gfm\), 
and its production by cells in vitro re- 
quires protein synthesis (complete inhi- 
bition by 20 ixg of cycloheximide per 
milliliter). Many other tumor cell lines 
also release permeability-increasing ac- 
tivity in serum-free culture, including 
guinea pig 104 CI fibrosarcoma, hamster 
HSV-NIL8 sarcoma, rat sarcomas B77 
Rat I and RR 1022, and mouse TA3-St 
carcinoma, MOPC 21 myeloma, and 
polyoma BALB/c 3T3 sarcoma. Line 1 
guinea pig hepatocarcinoma cells release 
one-fourth the activity released by line 
10 cells, a finding that may explain the 
relative ability of these cells to promote 
HSA influx (Table I) and ascites fluid 
accumulation (the volume of line 1 asci- 
tes fluid was routinely one-fourth that of 
line 10). Oil-induced guinea pig peritone- 
al exudate cells (> 70 percent macro- 
phages) neither increase the influx of 
HSA into the peritoneum (Table 1) nor 
secrete detectable permeability-increas- 
ing activity in vitro. Guinea pig fibro- 
blasts and smooth muscle cells release 
approximately one-eighth the activity re- 
leased by comparable numbers of line 10 
cells (8). 

We next purified both the ascites and 
tissue culture permeability factors from a 
single tumor, the line 10 guinea pig carci- 
noma. Permeability-increasing activities 
from both sources chromatographed 
identically as single peaks on columns 
^containing Sephadex G-150, heparin- 
Sepharose, or hydroxylapatite (9) and 
electrophoresed as a single peak with an 
apparent molecular weight of 34,000 to 
42,000 on sodium dodecyl sulfate-poly- 
acrylamide gels (Fig. 2). Using the hep- 
arin-Sepharose, hydroxylapatite, and 
electrophoretic steps in tandem, we puri- 
fied the permeability-increasing activity 
approximately 1200-fold from serum-free 
conditioned medium and approximately 
10,000-fold from ascites fluid. As little as 
200 ng (5 x I0~' 2 mole) of the purified 
material increased vascular permeability 
to a degree equivalent to that induced by 
1.25 ^g (4 x 10" 9 mole) of histamine. 

Rabbits immunized with the purified 
permeability factor secreted by line 10 
cells in vitro produced an immunoglob- 
ulin G (IgG) that bound and neutralized 
virtually all the permeability-increasing 
activity in undiluted line 10 and line I 
tumor ascites fluids (Table 2) and in line 
10 and line 1 culture media. This anti- 
body also blocked the peritoneal influx 
that follows intraperitoneal injection of 
line 10 tumor cells (Table 1). In every 
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pigs were Injected irttravert%1y^w HSA {1.3: xH(^'dis/h1in) in TM dfc^rp 

containing 0.5 percent Evans Blue dye. Samples to be tested for permeability-increasing 
activity, in isotonic solution and at neutral pH, were injected intradermally in a volume of 0.1 
ml. After 20 minutes the animals were exsanguinated under ether anesthesia. Test sites were 
excised and quantitated for 125 1 in a gamma counter. The number of net disintegrations per 
minute extravasated was determined by subtracting values for control sites injected with saline. 
Each animal also received a series of intradermal histamine injections; these sites served as 
reference points for the calculation of histamine equivalents. B.L.. below limit of quantitation 
(0.6 fig histamine). 



Substance injected 
intradermally 



Net disintegrations 
per minute ,25 I-HSA 
extravasated (mean 
± standard error) 



Histamine 
equivalent* 





(N = 


3 to 7) 




Hamster plasma 


70 




176 


B.L. 


Hamster ascites (HSV-N1L8) 


15.309 




1.508 


1.3 


Guinea pig plasma 


1.989 




1,070 


B.L. 


Line 1 ascites 


69,609 




6.850 


5.5 


Line 1 ascites + preimmune IgG (80 jxg) 


70.321 




2,567 


5.5 


Line 1 ascites + immune IgG (80 p.g) 


3,935 




1.568 


B.L. 


Line 10 ascites 


92.472 




4.886 


10.0 


Line 10 ascites + preimmune IgG (80 fig) 


93,756 




I.I7I 


10.0 


Line 10 ascites +■ immune IgG (80 jxg) 


7.187 




930 


B.L. 


Line 10 serum-free culture supernatant! 










After I hour of culture 


1,054 




60 


B.L. 


After 5 hours of culture 


3,610 




295 


0,7 


After 24 hours of culture 


21,565 




617 


2.5 



*A plot of net disintegrations per minute extravasated in response to histamine versus the logarithm of the 
number of micrograms of histamine injected generated a straight line (histamine range. 0.6 to 10 jigh 
^Derived from cultures containing 2.5 x 10* cells per milliliter. 




At 




38 K 



B 




1 2 3 

Fig. I (left). Miles assay for measuring in- 
creased vascular permeability in the skin (see 
legend to Table 2). Mediators of increased 
permeability cause bluing at the site of intra- 
dermal injection within 5 minutes, whereas 
control substances such as saline elicit no 
response. Abbreviations in (A): pL control plasma; asi\ ascites fluid: M, mouse TA3-St tumor; 
H. hamster HSV-N1L8 tumor; and GP, guinea pig line 10 tumor. In (B). line 10 ceils were 
cultured (I x 10^ cell/ml) in serum-free Dulbecco's modified Eagle s medium and conditioned 
media was harvested at 1,5, and 24 hours as indicated. Fig. 2 (right). Resolution of the 
permeability-increasing activity on sodium dodecyl sulfate-polyacrylamide slab gels </6). 
Samples were electrophoresed without reduction at 4 9 C in a 7.5 percent polyacrylamide gel 
containing 0. 1 percent sodium dodecyl sulfate and washed for 1 hour at 4°C in 2.5 percent Triton 
X-IOO and then in phosphate-buffered saline for I hour. The gel was sliced,. individual slices 
were extracted, and dialyzed extracts were tested for activity by the Miles assay. Track 1 shows 
the stained pattern of concentrated line 10 serum-free culture medium. All the activity in track I 
(total recovery was regularly 50 percent) was confined to two adjacent slices (reelectrophoresed 
in tracks 2 and 3) composing the 34.000 to 42,000 molecular weight region. Line 10 ascites fluid 
permeability-increasing activity was found to elect rophorese identically (molecular weight 
34,000 to 42,000) with the activity in line 10 culture medium. 
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was wtth^ 
out effect. The IgG from immunized ani- 
mals (immune IgG) also neutralized the 
permeability-increasing activity released 
in culture by an unrelated tumor t the 104 
CI guinea pig fibrosarcoma (10), but not 
the activity of guinea pig PF/dil or the 
low levels of activity released by guinea 
pig fibroblasts or smooth muscle cells. 

As determined by light and electron 
microscopy, line 10 permeability factor 
did not cause endothelial cell damage or 
mast cell degranulation. Vessels re- 
sponded equally well to multiple chal- 
lenges with equivalent doses of line 10 
permeability factor administered 30 min- 
utes apart; the effect of a single intrader- 
mal injection was rapid (evident within 5 
minutes) and transient (little residual in- 
creased permeability was detectable 20 
minutes after injection), providing fur- 
ther evidence that line 10 permeability 
factor is not toxic to blood vessels. It 
does not resemble bradykinin (molecular 
weight, 1200), plasma kallikrein 
(108,000), or ieukokinins (2500). Leuko- 
kinins (//) are generated in ascites fluids 
under nonphysiological conditions (pH 
3.8 and 37°C for 24 hours) by a mecha- 
nism sensitive to I \x.M pepstatin A. Line 
10 permeability factor is present in fresh, 
unmanipulated ascites fluid {pH 6.4 to 
6.9). and its action is unaffected by 20 
ujW pepstatin A. Lymphocyte perme- 
ability factors with molecular weights of 
12.000 (12) and 39,000 (13) have been 
reported; however, unlike line 10 perme- 
ability factor, the latter increases vascu- 
lar permeability only after a latent period 
of 20 minutes. The effects of line 10 
permeability factor are not mediated by 
histamine. Guinea pigs treated with the 
antihistamines mepyramine (5 jj.mole/kg, 
subcutaneously) plus cimetidine (500 
p.mole/kg) (14) responded normally to 
line 10 permeability factor, although the 
action of 20 p.g of histamine was 
blocked. It is also unlikely that. the ef- 
fects of this factor are mediated through 
prostaglandin synthesis. Neither system- 
ic (14 jxmole/kg, intraperitoneally) nor 
local (2 nmole, intradermally) treatment 
with indomethacin (15) affected the re- 
sponse of vessels to the permeability 
factor. 

In conclusion, vessels lining the peri- 
toneal cavities of guinea pigs, hamsters, 
and mice bearing ascites tumors display 
markedly greater permeability than do 
the same vessels in control animals. This 
increased permeability is apparently due 
to the presence in ascites fluid of a 
potent permeability factor not found in 
normal plasma or serum. The permeabil- 
ity factors found in guinea pig line K 
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culture medium or ascites fluids appear 
tb be identical. In addition, they are 
antigenically related to permeability fac- 
tors produced by guinea pig line I or 104 
CI tumor cells. Secretion of permeabili- 
ty-increasing activity appears to be a 
common feature of tumor cells, and may 
contribute to the abnormal accumulation 
of fluid associated with neoplastic dis- 
ease. 

Note added in proof: The immune IgG 
raised against line 10 permeability factor 
also neutralizes the rat dermal vessel 
permeability-increasing activity released 
by Walker rat carcinoma cells in culture. 
Preimmune IgG has no neutralizing ef- 
fect. 

Donald R. Senger 
Stephen J. Galli 
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Carole A. Perruzzi 
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Harold F. Dvorak 
Departments of Pathology, Beth Israel 
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Yolk Pigments of the Mexican Leaf Frog 

Abstract. Eggs of the Mexican leaf frog contain blue and yellow pigments 
identified as biliverdin and lutein, respectively. Both pigments are bound to proteins 
that occur in crystalline form in the yolk platelet. The major blue pigment is biliverdin 
IX a. The eggs vary in color from brilliant blue to pale vel low- green depending on the 
amount of each pigment. These pigments may provide protective coloration to the 
eggs- 



While studying the lipid composition 
of the eggs and embryos of the Mexican 
leaf frog, Agalychnis dacnicolor (/), we 
observed that their green coloration was 
due to the presence of two pigments, one 
blue and one yellow, which together 
produce blue, blue-green, or yellow- 
green eggs. We have now identified the 
major blue pigment as biliverdin IX a 
and the major yellow pigment as lutein. 
The presence of the latter pigment is not 
surprising since lutein is widely distribut- 
ed among plants and animals (2), Biliver- 
din occurs less often as a pigment, al- 
though it has been found in the dog 
placenta, in the shells of bird eggs, in the 
skin of fishes and amphibians (2, 3), in 
the eggs and larvae of the tobacco horn- 
worm (4), and in the serum and eggs of 
Xenopus (5). It seems likely that the 
utilization of these two pigments by A. 
dacnicolor evolved as a mechanism for 
producing green eggs. The green color- 
ation of leaf frog eggs, which are laid on 
green vegetation, may afford camouflage 
to protect eggs and embryos from preda- 
tion. However, as far as we can ascer- 
tain, there have been no definitive stud- 
ies on the adaptive value of green eggs, 
although the ecological implications de- 
riving from a two-pigment system for egg 
coloration are apparent. 

Six different batches of A. dacnicolor 
eggs (100 to 250 eggs) varying in color 
from brilliant blue to yellow-green were 
extracted with a 1:1 mixture of chloro- 
form and methanol and a mixture of 
acetone and hydrochloric acid to obtain 
the yellow and blue pigments. The pig- 
ments were separated by column chro- 
matography on silicic acid. Chloroform 
eluted the yellow pigment, and acetone 



eluted the blue pigment. The pigments 
were further purified by preparative thin- 
layer chromatography (TLC). The yel- 
low and blue pigments were localized in 
lipid-rich yolk platelets. 

Yolk platelets, which were pale blue- 
green or pale yellow, were obtained by 
collagenase treatment of homogenized 
eggs, followed by differential centrifuga- 
tion. Analysis by light microscopy of the 
isolated fresh yolk . platelets revealed 
rounded rectangular platelets of different 
sizes, and electron microscopy showed 
that the platelets consisted of closely 
stacked crystalline arrays about 70 A 
thick. 

The ultraviolet to visible spectra of the 
silicic acid column-purified pigments 
from different eggs are given in Fig. I, a 
and b. The blue pigment has major bands 
at 372 to 376 nm and 640 to 690 nm. The 
yellow pigments have major bands at 442 
to 444 nm and 470 to 471 nm. The 
relative amount of the yellow and blue 
pigments in the various eggs was deter- 
mined by the ratio of the absorbance at 
442 nm to that at 650 nm. This ratio was 
correlated with the color of the egg. The 
ratio of brilliant blue eggs was 1.15, that 
of blue eggs was 1.7 to 2.3, that of green 
eggs was 3.4 to 3.6, and that of yellow- 
green eggs was 10.4. 

The blue pigment has properties con- 
sistent with a biliverdin. Both the blue 
pigment and biliverdin (Sigma) were con- 
verted to methyl esters by treatment 
with methanolic HC1 (Supelco). The di- 
methyl esters were purified by prepara- 
tive TLC (Merck-Darmstadt silica gel 60 
plates) using chloroform and methanol 
9:1. Both had identical relative mobility 
{Ry) values of 0.62, and gave a purple 
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Summary 

Src kinase activity was found to protect endothelial 
cells from apoptosis during vascular endothelial growth 
factor (VEGF)-, but not basic fibroblast growth factor 
(bFGF)-, mediated angiogenesis in chick embryos and 
mice. In fact, retroviral targeting of kinase-deleted Src 
to tumor-associated blood vessels suppressed angio- 
genesis and the growth of a VEGF-producing tumor. 
Although mice lacking individual Src family kinases 
(SFKs) showed normal angiogenesis, mice deficient in 
ppSO^ or pp62 c " lfes showed no VEGF-induced vascular 
permeability (VP), yet fyn~'~ mice displayed normal 
VP. In contrast, inflammation- mediated VP appeared 
normal in Src-deficient mice. Therefore, VEGF-, but 
not bFGF-, mediated angiogenesis requires SFK activ- 
ity in general, whereas the VP activity of VEGF specifi- 
cally depends on the SFKs, Src, or Yes. 



Introdu 




SFKs are important signaling molecules that respond to 
a wide range of stimuli including growth factors (Twam- 
ley-Stein et al., 1993; Broome and Hunter, 1996) and 
adhesion proteins in the extracellular matrix (Kaplan et 
al., 1994; Schwartz et al, 1995; Thomas and Brugge, 
1997; Klinghoffer et al., 1999). Once activated, SFKs 
affect a wide range of downstream signaling events in- 
cluding the activation of MAP kinases (Courtneidge et 
al., 1 993)i While in vitro studies have elucidated a role 
for Src in cellular function, due to mechanisms of redun- 
dancies and compensation, mice lacking a single SFK 
(Soriano et al., 1991; Stein et aL, 1994) have provided 
limited insight into the biological function of this impor- 
tant family of nonreceptor tyrosine kinases. 

Previous studies have implicated SFKs in vascular 
cell proliferation- For example, v-Src, an oncogenic vari- 
ant of Src, is known to promote hemangioma formation 
in chicks (Stoker et al., 1990), suggesting that under 
normal circumstances, c-Src or other SFKs may regulate 
the growth of blood vessels. To initially address this 
issue, we used avian- or murine- targeted retroviral deliv- 
ery systems to express mutationally active or inactive 

* To whom correspondence should be addressed (e-mail: cheresh© 
scripps.edu). 



forms of Src or intact C-terminal Src kinase (Csk) to 
disrupt endogenous Src activity within the chick chorio- 
allantoic membrane (CAM) or mouse skin to directly 
evaluate the general role of Src kinases during angiogen- 
esis. Evidence is provided here that Src kinase is re- 
quired for VEGF-, but not bFGF-, mediated angiogenesis 
in both the chick embryo and the mouse. In fact, Src 
kinase activity was found to be required for endothelial 
cell survival during VEGF-mediated angiogenesis. White 
VEGF is an endothelial cell mitogen (Ferrara and Davis- 
Smyth, 1997), it was originally described for its vascular 
permeability (VP) activity (Senger .'et al., 1983; Connolly 
et al., 1989). In fact, VEGF is unique in this regard, as 
other growth factors such as bFGF can induce neovas- 
cularization but do not induce vascular permeability 
(Connolly et aL, 1989; Murohara et al., 1998). An analysis 
of mice deficient in specific SFKs demonstrates no de- 
crease in VEGF-dependent neovascularization but a 
complete ablation of its VP activity in src~'~ or yes 7 
mice, while fyn _/ ~ mice show no such defect. While mice 
lacking Src show no VP response to VEGF, they do show 
a VP response to an inflammatory mediator. Therefore, 
multiple SFKs can serve as key signaling intermediates 
involved in VEGF-induced vascular proliferation, while 
the VP activity of this growth factor depends on Src or 
Yes in particular. 

Results 

Src Activity Is Required for VEGF-, but Not bFGF-, 
Induced Angiogenesis 

To establish whether endogenous Src activity was asso- 
ciated with growth factor-mediated angiogenesis, filter 
disks saturated with either bFGF or VEGF were placed 
on the CAM of 1 0-day-old chick embryos. This treatment 
is known to promote a robust angiogenic response as 
measured after 48-72 hr (Brooks et al., 1994a). Lysates 
of these CAMs were evaluated for Src activity by immu- 
noprecipitating Src and measuring its ability to phos- 
phorytate a GST-^ocai adhesion kinase (FAK) fusion pro- 
tein in an in vitro kinase assay. At least a 2-fold increase 
in endogenous Src activity was detected in these lysates 
120 min after the addition of either bFGF or VEGF to 
the CAM tissue (Figure 1 A). Importantly, we observed a 
similar increase in Src activity 15 min after the addition 
of either growth factor (data not shown). To determine 
whether Src activity was required for angiogenesis, 
CAMs stimulated with either bFGF or VEGF were in- 
fected with an avian- specific retroviral vector (RCAS) 
containing a truncation mutant of Src lacking its C-termi- 
nal kinase domain (Src 251) (Kaplan et at., 1994). This 
Src 251 and similar truncation mutants have been shown 
to function as a dominant negative of multiple SFKs, 
thereby blocking signaling events downstream of growth 
factor receptors (Broome and Hunter, 1996; P. L. S., 
unpublished data). The RCAS retrovirus, when applied 
to CAM tissues, infects fibroblasts and endothelial cells 
proximal to the filter disk as determined by infecting 
CAMs with an RCAS-GFP vector and examination by 
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Figure 1- Activation of Endogenous Src Ki- 
nase Activity by bFGF and VEGF and the Ef- 
fect of Kinase-Deleted Src on Angiogenesis 
In Vivo 

(A) Tissue extracts of 10-day-oW chick CAMs 
were exposed to filter paper disks saturated 
with bFGF or VEGF (2 ng/ml) for 2 nr. Endoge- 
nous Src was immunoprecipitated from equiv- 
alent amounts of total protein and subjected 
to an in vitro immune complex kinase assays 
with a FAK-GST fusion protein as a substrate, 
electrophoresed, and transferred to nitrocel- 
lulose. The relative fold increase in Src activ- 
ity is indicated in italics. The above kinase 
assay blot was probed with an anti-Src anti- 
body as a loading control for equivalent Src 
and IgG content. 

(B) Chick CAMs (9 day) were exposed to filter 
paper disks saturated with RCAS-Src 251 (ki- 
nase deleted) or RCAS-GFP containing re- 
troviruses or buffer for 20 hr and then incu- 
bated in the presence or absence of bFGF or 
VEGF for an additional 72 nr. Tissue extracts 
of these CAMs were examined for endoge- 
nous Src activity by in vitro immune complex 
kinase assay as described above using FAK- 
GST as a substrate. 

(C) The level of angiogenesis was quantified 
in embryos incubated with RCAS-Src251 or 
RCAS-GFP followed by stimutation with ei- 
ther bFGF or VEGF as described above. 
Blood vessels were enumerated by counting 
blood vessel branch points in a double 
blinded manner. Each bar represents the 
mean ± SEM of three replicates. 

(D) M icrograpns of representative CAM s were 
taken with an Olympus stereomicroscope. 
Scale bar, 350 i*m. 



confocal microscopy (data not shown). Delivery of this 
kinase-deleted Src completely disrupted endogenous 
Src kinase activity in these tissues "induced with either 
growth factor (Figure 1 B). 

To examine the role of Src in angiogenesis, CAMs 
stimulated with either bFGF or VEGF were infected with 
the Src 251 -containing retrovirus. As shown in Figure 
1C, angiogenesis, as measured 72 hr after stimulation 
with VEGF, was suppressed by delivery of Src 251 ; how- 
ever, to our surprise, bFGF-induced angiogenesis was 
not affected. Importantly, equivalent levels of viral infec- 
tion were detected in VEGF- and bFGF- stimulated CAMs 
as measured by epifluorescence and immunoblot analy- 
sis of GFP and Src 251, respectively (data not shown). 
The inhibition of VEGF-induced angiogenesis by kinase- 
deleted Src was likely due to a direct effect on endothe- 
lial cells, since VEGF is a known endothelial cell-specific 
mitogen. In addition, the failure of Src 251 to disrupt 
bFGF-induced angiogenesis indicates that the effects 
on VEGF-mediated angiogenesis are not due to general 
toxicity. Together, these results demonstrate that, while 
both bFGF and VEGF can activate Src kinase in these 
tissues, only VEGF-induced blood vessel formation re- 
quired this activity. These findings support the recent 



reports that VEGF and bFGF stimulate distinct pathways 
of angiogenesis (Friedlander et aL, 1995; Ziche et al., 
1997). 

Suppression of Human Tumor Growth by Targeting 
the Tumor Vascular Compartment with 
Retroviral Delivery of Src 251 

Tumor growth depends on angiogenesis (Weidner et al., 
1991; Folkman and Shing, 1992; Brooks et al., 1994b). 
In fact, recent reports suggest that tumor growth is sus- 
ceptible to the antiangiogenic effects of VEGF receptor 
antagonists (Kim et al., 1993). Therefore, experiments 
were designed to determine whether suppression of an- 
giogenesis by delivery of kinase-deleted Src 251 would 
influence the growth of a human medulloblastoma 
(DAOY), a highly angiogenic tumor known to produce 
VEGF and very little bFGF (data not shown). This human 
tumor readily grows on the CAM and produces an active 
angiogenic response (Figure 2), allowing us to setec- 
tivety target the tumor vasculature by using the aviarv 
specific RCAS retrovirus, without infecting the human 
medulloblastoma cells. Delivery of RCAS containing Src 
251 to preestablished meduHoblastomas resulted in a 
selective expression of the virus in the tumor-associated 
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Figure 2. Retroviral Delivery of RCAS-Src 251 to Human Tumors 
Growing on the Chick CAM Reverses Tumor Growth 

(A) Human DAOY medullobtastomas, which express VEGF, were 
grown on the CAM of chick embryos as described in the Experimen- 
tal Procedures, Retrovirus containing RCAS-GFP or RCAS-Src 251 
was topically applied to preestablished tumors of greater than 50 
mg. A representative micrograph of a medulloblastoma tumor frag- 
ment infected with RCAS-GFP expressing GFP reveals exclusive 
expression in the tumor blood vessels (arrowhead) as detected by 
optical sectioning with a Bio-Rad 1024 laser confocal scanning mi- 
croscope. Scale bar, 500 fim. 

(B) Tumors treated as above were allowed to grow for 3 or 6 days, 
after which they were resected and wet weights were determined. 
Data are expressed as the mean change in tumor weight (from the 
50 mg tumor starting weight) ± SEM of two replicates. RCAS-Src 
251 had a significant impact on tumor growth after 3 days (*P < 
0.002) and 6 days (**p < 0.05). 

(C) Representative stereomicrographs of medulloblastoma tumors 
surgically removed from the embryos were taken with an Olympus 
stereomicroscope (scale bar, 350 \im). (Lower panel) A high magnifi- 
cation micrograph of each tumor showing the vasculature in detail 
(scale bar, 350 ^m). The arrowhead indicates blood vessel disruption 
in RCAS-Src 251 -treated tumors. 

blood vessels (Figure 2A), which led to a complete sup- 
pression of tumor growth (Figure 2B). Importantly, the 
tumor-associated blood vessels in animals treated with 
virus containing Src 251 were severely disrupted and 



fewer in number compared to the tumor vessels in 
control animals (Figure 2C). The fact that RCAS-GFP- 
infected tumors showed GFP localization only in the 
tumor vasculature suggests that the antitumor effects 
observed with retrovirally delivered Src 251 were due 
to its targeting and antiangiogenic properties. 

Src Requirement for Endothelial Cell Survival 
during VEGF-, but Not bFGF-, 
Mediated Angiogenesis 

Recent evidence suggests that growth factor receptors 
(Choi and Batlermann, 1995; Satake et al., 1998) and 
integrins (Meredith et al., 1993; Brooks et al., 1994a) 
promote survival of angiogenic endothelial cells. The 
fact that both growth factors and adhesion receptors 
also regulate Src activity prompted us to examine the 
role of Src in endothelial cell survival during angiogen- 
esis. Furthermore, the Src 251 mutant has been found 
to induce apoptosis in selective cell types during bone 
development (P. L. S., L. Xing, and B. Boyce, unpub- 
lished data). CAM s stimulated with either bFGF or VEGF 
were infected with retrovirus containing Src 251, and 
cryostat sections of these tissues were examined for 
the presence of apoptotic cells. As shown in Figure 3A, 
delivery of Src 251 promoted extensive TUNEL staining 
among the factor Vlll-related antigen (von Willebrand 
factor [vWffl positive blood vessels in VEGF-, but not 
bFGF-, stimulated CAMS. In fact, minimal apoptosis was 
observed among other cell types in these CAMs (Figure 
3), suggesting an endothelial celt-specific requirement 
for Src kinase activity for cell survival in VEGF-activated 
blood vessels. In a second series of experiments, retro- 
virus- infected CAMs stimulated with VEGF or bFGF were 
subjected to limited collagenase digestion to prepare a 
single cell suspension. These CAM -derived cells were 
shown to contain approximately 20% ^50% endothelial 
cells (vWf positive) (Figures 3C and 3D) and analyzed 
for apoptosis by flow cytometric detection of annexin 
V-positive cells, an early apoptosis marker. As shown 
in Figure 3B, cells derived from VEGF- stimulated CAMs 
infected with Src 251 had significantly increased an- 
nexin V staining relative to cells from mock RC AS-GFP- 
infected CAMs treated with VEGF. In contrast, cells de- 
rived from mock- infected CAMs or those infected with 
RCAS-Src 251 and stimulated with bFGF exhibited little 
or no annexin V staining (data not shown). In addition, 
no annexin V staining was detected among cells derived 
from nonstimulated or bFGF-stimulated CAMs (data not 
shown). These data demonstrate that Src kinase activity 
is selectively required for endothelial celt survival during 
VEGF, but not bFGF-mediated angiogenesis in the CAM. 

Selective Requirement for Src Kinase Activity 
in a Subcutaneous Murine Model 
of Angiogenesis 

To further analyze the role of Src in angiogenesis, a 
murine model was employed. In this case, angiogenesis 
was induced by subcutaneous injection of growth fac- 
tor-depleted Matrigel supplemented with either bFGF 
(400 ng/ml) or VEGF (400 ng/ml) in athymic wehi (nu/nu) 
adult mice and analyzed after 5 days (Passaniti et al., 
1992). Angiogenesis was quantitated by removing and 
extracting the angiogenic tissue and then subjecting the 
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Figure 3. Apoptosis in VEGF- Stimulated Blood Vessels Expressing Src 251 

(A) 1 mm uno localization of factor VHHrelated antigen {von Willlebrand factor), apoptag immunostaining of apoptotic cells, and nuclear staining 
with DAPI in cryosections of CAMs expressing RCAS-Src 251 or RCAS-GFP, after stimulation with bFGF or VEGF as described in Figure 1. 
The merge represents an overlay of the factor VIII staining and apoptag staining. The fluorescence from the GFP was not preserved in the 
fixation protocol used for the indirect immunofluorescence in these experiments. These micrographs were representative of blood vessel 
staining in duplicate samples. Scale bar, 50 |im. 

(B) Apoptotic cells were identified by annexin V staining of RCAS-Src 251-infected CAMS treated with VEGF and detected by flow cytometry. 
Collagenase-dtssociated cells isolated from RCAS-Src 251- (black) or RCAS-GFP- (mock, white) infected CAMs treated with VEGF, as 
described in Figure 1, were incubated with annexin V. The fluorescence from the GFP was not detected in these assays, and the FACS profile 
was similar to untreated controls. The flow cytometry data for each experiment was representative of at least three replicates. 

(C) AnthvWf staining was detected with a FITC-labeled secondary antibody used to identify endothelial cells by flow cytometry, and this was 
compared to parallel collagenase-dtssociated untreated CAM celts incubated without primary antibody. 

(D) tmmunotocalization of endogenous von Willebrand factor in collagenase-dissociated untreated permeabilized CAM cells (arrowhead) 
replated on 3 fig/ml collagen and detected with a fluorescent secondary antibody (bar, 10 pxn). 



lysates to immunoblotting with a VEGF receptor anti- 
body (flk-1) (Figure 4A) that is specific for endothelial 
cells. As observed in the chick, expression of the kinase- 
deleted Src 251 cDNA blocked VEGF-induced angiogen- 
esis in this murine model while having no effect on bFGF- 
induced angiogenesis (Figure 4B). To establish the rote 
of endogenous Src in this model, tissues were infected 
with a retrovirus expressing Csk that inhibits endoge- 
nous Src activity by phosphorylation of the C-terminal 
regulatory site (Nada et al., 1991). Expression of Csk 
blocked VEGF-, but not bFGF-, induced angiogenesis 
(Figure 4), confirming a role for endogenous Src activity 
in VEGF- mediated angiogenesis. Neovascularization of 
these virus-infected VEGF-stimulated tissues was con- 
firmed by direct immunofluorescence with a FITC-conju- 
gated anti-CD34 antibody (Figure 4) or an antMlk-1 anti- 
body (data not shown) and quantitated by enumerating 



the number of positively stained CD34 blood vessels in 
each cryosection (Figure 4C). 

The Effect of Intradermal Expression of VEGF 
in src ~'~ or src +/ " Mice Ears 

To extend the observations made in the chicken and 
mouse angiogenesis models, a direct genetic approach 
was employed to examine intradermal VEGF-induced 
angiogenesis in src ; mice. We also considered the fact 
that VEGF both initiates new. blood vessel growth arid 
can promote vascular permeability (Senger et at., 1983; 
Ferrara and Davis-Smyth, 1997). Intradermal injections 
of adenovirus expressing a human VEGF cDNA were 
performed in the ear of src +/ ~ and src '-, while control 
p-galactosidase expressing adenovirus was infected 
into the opposite ear of each mouse. VEGF-dependent 
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Figure 4. Retroviral Delivery of Src 251 and Csk in a Subcutaneous 
Murine Angiogenesis Model 

(A) Angiogertesis was induced by a subcutaneous injection of growth 
factor-depleted Matrigel containing saline or VEGF (400 ng/mt) with 
2 x 10 s ecotroptc packaging cells expressing GFP retrovirus in the 
flank of athymic wehi (nu/nu) mice and analyzed after 5 days of incuba- 
tion. The neovascularization was quantrtated by Immunoblotting 
with a VEGF receptor antibody (flk-1) that is specific for endothelial 
cells. 

(B) The effects of kinase- dele ted Src 251, Csk, or GFP retrovirus on 
VEGF- (400 ng/ml) or bFGF- (400 no/ml) induced angiogenesis was 
analyzed by immunoblotting the tissue h/sates with an anti-flk-1 
antibody. 

(C) The effect of the Src 251- and Csk-expressing retroviruses on 
VEGF- induced neovascularization was quantified by enumerating 
the number of CD34 positive vessels in tissue cross sections by 
indirect immunofluorescence in triplicate random fields at 20x as 
described in the Experimental Procedures. 



new blood vessel growth in src +/ ~ ears was first detect- 
able within 48 hr, and neovascularization was analyzed 
after 5 days (Figure 5A). There were identical viral ex- 
pression levels in src +/ ~ and src'- as determined by 
X-gal staining of 0-galactosidase-adenovirus injected 
ears (data not shown). In VEGF- injected src _/ ~ ears, there 
was no significant decrease in angiogenesis (data not 
shown) as measured by counting branch points (p < 
0.05). However, the most apparent phenotype in these f 
animals was the complete blockade in the vascular leak- 
age compared to the VEGF-injected src +/ ~ ears. Repre- 
sentative ears injected with VEGF are shown in Figure 



5 A, which confirms the extent of the vascular leakage 
in src +/ ~ mice that is essentially absent in the src 7 " 
mice. The vascular leakage in these animals suggested 
that the VP activity, which has been associated with 
angiogenesis in vivo (Dvorak et al., 1 995), could be selec- 
tively disrupted in ppSO^-deficient mice. 



VEGF Fails to Compromise the Blood-Brain 
Barrier in Mice Lacking ppeo^ 
The brain vasculature is characterized by a highly re- 
strictive blood-brain barrier that prohibits small mole- 
cules from extravasating into the surrounding brain tis- 
sue. Tumor growth within the brain can compromise 
this barrier due in part to the production of angiogenic 
growth factors such as VEGF. Therefore, we examined 
the nature of the blood-brain barrier in src +/ ~ or src '- 
mice. In this case, VEGF or saline was stereotactically 
injected into the right or left hemisphere of the brain, 
respectively. All mice received systemic injections of 
Evan's blue to monitor VP activity. As shown in Figure 
5B, vascular leakage of blood was localized to the VEGF- 
injected hemisphere in src +/ " mice, but there a complete 
absence of vascular leakage in src /_ mice. This was 
also the case when examining the VP by measuring 
the accumulation of Evan's blue dye as detected by 
epifluorescence analysis of cryostat sections of these 
brains (Figure 5C). Thus, VEGF compromises the blood- 
brain barrier in a manner that depends on pp60^ OT . 



VEGF-Mediated VP, but Not Inflammation- 
Associated VP, Depends on ppeO^ 
To further analyze and quantitate the effect of VEGF as 
a VP factor in src +/ ~ or src~ /_ mice, we used the Miles 
assay (Miles and Miles, 1952) to quantitatively measure 
the vascular permeability in the skin of these animals. 
VEGF was injected intradermalry in src +/ " or src '' mice 
that had received an intravenous systemic administra- 
tion of Evan's blue dye. Within 15 min after injection of 
VEGF, there was a 3-fold increase in VP in src +/ ~. How- 
ever, in src'" mice, we observed no detectable VP activ- 
ity (Figures 6A and 6B). Dye edition of the injected skin 
patches was quantrtated and compared with control 
saline and bFGF (Figure 6B, left panel). bFGF or saline 
controls injected adjacent to the VEGF showed no signif- 
icant increase in VP. 

Vascular leakage/permeability is also known to occur 
during inflammation, which allows for the accumulation 
of serum-associated adhesive protein and inflammatory 
cells in tissues. In fact, inflammatory mediators them- 
selves directly promote vascular leakage. Therefore, we 
tested one such inflammatory mediator, ally! isothiocya- 
nate, also known as mustard oil (Inoue et al., 1997), in 
src +/ " or src~ /_ mice for its capacity to produce VP. 
Unlike that observed in VEGF-stimulated src /_ animals, 
we detected no decrease in the VP produced by injection 
of the inflammatow^diatw^atiy^^ (Figure ~ 

- riyhl pd i iul). T rws, we conclude that Src plays a 
selective role in the VP activity induced with VEGF and 
does not influence VP associated with the inflammatory 
process. 



Molecular Celt 
920 



A. 



src +/- 
VEGF 




src +/- 



src ~/~ 



saline 



VEGF 



saline; 



VEGF 





Figure 5. The Effect of VEGF-induced Vascu- 
lar Leakage In the Ears and Brains of src~ /- 
and src +/ ~ Mice 

(A) Gene delivery of the human VEGF cDNA 
in an adenovirus vector was injected intrader- 
mal !y in the right ear of src +/ " or src /_ mice, 
and the neovascularization of the ears were 
photographed after 5 days of expression. Ad- 
enovirus expressing p-galactosidase was in- 
jected into the left ears as a negative control. 
Staining for p-galactosidase in these ears 
confirmed similar adenovirus expression in 
each genetic background. Scale bar, 1 mm; 
n = 4. 

(B) VEGF or saline was stereotactically in- 
jected into the left or right frontal lobes, re- 
spectively, of src*'' or src'". After injection 
with Evan's blue and perfusion, the brains 
were removed and photographed with a ste- 
reoscope (6X, final magnification; arrow- 
head, injection site). 

(C) Cross sections of the above VEGF- or 
saline- injected brains from sre f/ ' or src ~'~ 
mice were prepared and analyzed for VEGF- 
induced VP by confocal microscopy to visual- 
ize the fluorescence of the extrava sated Ev- 
an's blue (6x, final magnification; arrowhead, 
injection site). 
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VEGF-Mediated VP Activity Depends on Src 
and Yes but Not Fyn 

We next tested the specificity of the Src requirement 
for VP by examining the VEGF- induced VP activity asso- 
ciated with SFKs such as Fyn or Yes, which, like Src, 
are known to be expressed in endothelial cells (Bull et 
aL, 1994; Kiefer et al., 1994). In fact, we confirmed that 
these three SFKs were expressed equivalently in the 
aortas of wild-type mice (data not shown). Like src /_ 
mice, animals deficient in Yes were also defective in 
VEGF-induced VP (Figure 6C). However, to our surprise, 
mice lacking Fyn retained a high VP in response to VEGF 
that was not significantly different from control animals 
(Figure 6C). The disruption of VEGF-induced vascular 
permeability in src~ /_ or yes '" mice demonstrates that 
the kinase activity of specific SFKs is essential for VEGF- 
mediated signaling event leading to VP activity but not * 
angiogenesis. 

Discussion 

While multiple growth factors and adhesion events can 
promote angiogenesis, little is known regarding the sig- 



naling events required for the growth of new blood ves- 
sels. In this report, evidence is provided that two angio- 
genic growth factors, bFGF and VEGF, initiate signaling 
pathways that can be distinguished based on their re- 
quirement for Src kinase activity. Even though both 
bFGF and VEGF led to increased Src activity in angio- 
genic tissues, only VEGF-induced angiogenesis depended 
on it. This was based on studies where kinase-deleted 
Src or Csk was retrovirally delivered to stimulated blood 
vessels. The use of intact Csk was important as it blocks 
the activity of endogenous Src rather than acting as a 
dominant-negative mutant like Src 251 . Src activity was 
found to be required for the survival of VEGF-stimulated 
endothelial celts in vivo v 

VEGF was originally described as a vascular perme- 
ability factor secreted by tumor cells (Senger et al., 
1983). Using mice deficient for specific SFKs, we dem- 
onstrated that ppeo^ 8 * or p^2^ are essential for 
VEGF-induced VP, while its angiogenic activity was not 
significantly influenced in these animals. Moreover, ani- 
mals deficient in Fyn show no loss of VP activity demon- 
strating that only certain SFKs are required to regulate 
VEGF-mediated VP activity. Importantly, all three of 
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Figure 6. M iles Assay for Vascular Permeability of VEGF in the Skin 
of Mice Deficient in Src, Fyn, or Yes 

(A) The vascular permeability properties of VEGF in the skin of src +/ " 
(upper) or src 7 " (lower) mice was determined by intradermal injec- 
tion of saline or VEGF (400 ng) into mice that have been intra venousfy 
injected with Evan's blue dye. After 1 5 min, skin patches were photo- 
graphed (scale bar, 1 mm). Arrowheads indicate the injection sites. 

(B) The regions surrounding the injection sites of the VEGF, bFGF, 
or saline were dissected, and the permeability quantitated byelution 
of the Evan's blue in formamide at 56°C for 24 hr, and the absorbance 
measured at 600 ran (left). The ability of an inflammation mediator 
(altyl isothiocyanate), known to induce inflammation- related VP, was 
tested in sre +/ " or src '~ mice (right). 

(C) The ability of VEGF to induce VP was compared in src' - , ryn"'-, 
or yes' mice in the Miles assay. Data for each of the Miles assays 
are expressed as the mean ± SD of triplicate animals. src''- and 
yes-'- VP defects compared to control animals were statistically 
significant (*p < 0.05, paired t test), whereas the VP defects in 
neither the VEGF-treated fyn '- mice nor the allyl isothiocyanate- 
treated src~ /_ mice were statistically significant (*'p < 0.05). 

these SFKs were shown to be equivalently expressed 
in the aortas, skin, and brain of wild-type mice and are 
known to be expressed in endothelial cells (Bull et al., 
1994; Kiefer et al., 1994). To our surprise, inflammation- 
induced VP was shown to be independent of Src kinase 
in these mice, suggesting that the VP activity induced 
during inflammation and that induced upon VEGF stimu- 
lation are regulated by distinct signaling pathways. 

Mice lacking ppGO 0 ^ and pp62 c - yes show apparently 
normal vascular development, even though mice lacking 
VEGF or its receptor die during development. Thus, 
VEGF-induced VP activity is not required for develop- 
ment. However, it may play a role in wound repair or 



other postnatal process. Interestingly, mice lacking the 
combination of Src, Yes, and Fyn or the VEGF receptor 
show embryonic lethality by day 9.5, a time during devel- 
opment that is characterized by active vasculogenesis 
(Fong et al., 1995; Shalaby et al., 1995). This, together 
with the fact that mice lacking individual SFKs develop 
normal appearing blood vessels, suggests that compen- 
sation can take place among these SFKs. This is sup- 
ported by our observation that suppression of Src kinase 
activity in general by Csk or Src251 suppressed neovas- 
cularization in mice or chick embryos in response to 
VEGF while individual SFK knockouts develop normally. 

Evidence provided in this study demonstrates that 
VEGF and bFGF potentiate somewhat different biologi- 
cal and biochemical effects during the early stages of 
angiogenesis. There may be a physiological rationale for 
the existence of two angiogenic pathways. For example, 
blood vessels in various organs may differ with respect 
to distinct ECM- associated adhesive proteins and/or 
growth factors. Neovascularization in the retina has 
been linked to VEGF expression (D'Amore, 1994; Miller 
et al., 1 994), while that induced during cutaneous wound 
repair has been associated with bFGF (Takenaka et al., 
1997). This may allow endothelial cells to meet the spe- 
cific needs of a given tissue depending on local require- 
ments for nutrients, oxygen, or waste elimination. After 
hypoxic injury, VEGF levels are known to rise immedi- 
ately (reviewed in Ferrara and Davis- Smyth, 1997). Per- 
haps this hypoxic response facilitates an immediate in- 
creased oxygenation by providing local vascular leakage 
prior to the actual formation of a new vascular network. 
This would predict that adult ppBO^ 6 ™- or pp62^-defi- 
cient mice may be less capable of restoring oxygenation 
to damaged or hypoxic tissue. In fact, we noted that 
stereotactic injection of VEGF in the brain could compro- 
mise the blood-brain barrier in control animals. How- 
ever, animals deficient in pp60 c src showed no breakdown 
of the blood-brain barrier. 

VEGF is an angiogenic growth factor in many tumors, 
in fact, an anti-VEGF antibody (Kim et al., 1993) that 
blocks tumor growth in mice is being evaluated clinically 
in patients with late- stage cancer. Given the strong as- 
sociation between VEGF and tumor angiogenesis, our 
results may provide another approach to disrupt the 
growth of tumors. Thus, by using an avian- specific retro- 
virus, we were able to specifically target the chick vascu- 
lature of a growing human medulloblastoma. Even 
though the tumor cells remained uninfected by the retro- 
virus, we observed suppressed tumor growth demon- 
strating the potential therapeutic efficacy of this ap- 
proach. 

In a combination of experiments using retrovirally de- 
livered mutant Src and Csk as well as a direct analyses 
of src~'~ mice, we provide evidence that the Src tyrosine 
kinase family distinguishes two pathways of angiogen- 
esis. During VEGF-induced angiogenesis, SFK activity 
contributes to endothelial cell survival. Furthermore, the 
VEGF-induced VP is dependent on SFKs, Src, or Yes, 
but not Fyn, and the VP response is specific for VEGF 
in contrast to inflammation-induced VP. Therefore, while 
SFKs serve compensatory roles during embryogenesis 
and angiogenesis, VEGF-, but not bFGF-, mediated an- 
giogenesis requires Src kinase activity for endothelial 
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cell survival, whereas VP activity of VEGF depends on 
the SFKs, Src, or Yes. 

Experimental Procedures 
Antibodies and Reagents 

A rabbit polyclonal antibody raised against amino acids 3-18 of 
human Src (N-16; Santa Cruz Biotechnology, Santa Cruz, CA) was 
used for immunoprecipitation for in vitro kinase assays, and mono- 
clonal antibody against avian ppeo*"*" (Upstate Biotechnology, Lake 
Placid, NY) was used for Western blotting as a loading control for 
the kinase assays. The Src constructs were obtained from Dr. H. 
Varmus (N1H), FAK-GST fusion protein was from Dr. D. Schlaepfer 
{The Scripps Research Institute USRI]), the DF-1 virus producer cell 
line was from Dr. D. Foster (Univeristy of Minnesota), the DAOY 
medullob la stoma cell fine from Dr. W. Laug (Children's Hospital, 
USC, Los Angeles), RCAS-GFP was from Dr. C. Cepko (Harvard), 
and bFGF was kindly provided by Dr. J. Abraham (Scios, Mountain 
View, CA). All other reagents and media were from Sigma- Aldrich 
(St Louis, MO) unless otherwise stated. 

Src Constructs and Retroviruses 

For the studies in the chick embryo, the replication competent 
RCASBP(A) (Hughes et aL, 1987) retrovirus was used to express 
mutant Src cDNAs subcloned as Notl-Clal. These constructs were 
transfected into the chicken immortalized fibroblast line, DF-1. Viral 
supematants were collected from DF-1 producer cell lines in serum- 
free CLM media. Viral supematants were concentrated by uttracen- 
trifugation at 4°C for 2 hr at 22,000 rpm, and the pellets were resus- 
pended in 1/100 the original volume in serum- free media with a titer 
of at least 108 Lu. (infectious unitsVml and stored at -80°C. 

For the retrovirus studies in the subcutaneous murine matrigel 
anglogenesis assay, GFP, kinase- deleted Src 251, and Csk cDNA 
was subcloned into the replication-defective murine Moloney retro- 
virus (pLNCX) vector. These constructs were transiently transfected 
into the ecotropic producer line to generate cell- free titers of 1 0M 0 s 
LuVml. Therefore, to increase the effective titer over the 5 day time 
course of the anglogenesis assay in the matrigel plug, the virus- 
packaging cells expressing the appropriate construct were included 
along in the Matrigel to increase the retrovirus infection levels. 

VEGF Adenovirus 

Recombinant VEGF adenovirus was generated by cloning the hu- 
man VEGF cDNA from a human placenta cDNA library into pAd/CI 
(J. L, A. Reddy, and D. A. C, unpublished data) and cotransfecting 
with pJM17 into an E1 transcomplementing 293 cell line as pre- 
viously described (Bert et al., 1994). High titer virus was isolated, 
purified, and titered to 10" pfu/ml as previously described (Chang 
et al., 1995). High titer clones were selected based on their expres- 
sion of soluble VEGF secreted into the media of COS- 7, endothelial 
cells, and in chick CAMs infected with the VEGF adenovirus (data 
not shown). 

Chick Embryo Treatments 

Fertilized chick embryos (standard pathogen free grade; SPAFAS, 
Preston, CT) were prepared, and the CAM was exposed as pre- 
viously described (EJiceiri eta I., 1998). For growth factor-only experi- 
ments, cortisone acetate-soaked filter disks were soaked with 250 
ng of bFGF or VEGF for 2 hr before harvest For virus experiments 
on the CAM, disks were soaked in 20 (xl of viral stock per disk. 
These disks were applied to the CAM of 9 day chick embryos and 
incubated at 37°C for 24 hr. Then, either serum- free media or growth 
factors were added at a concentration of 5 jig/ml to the CAM in 20 
jaI of the virus stock as an additional boost of virus to the CAM 
tissue and incubated for an additional 72 hr. CAM assays was quanti- 
tated by counting branch points as described previously (Eliceiri et 
al., 1998) in triplicate samples in a double blind manner. 

Immunoprecipitation and Immunoblotting 

CAM tissues were homogenized in a RIP A lysis buffer, used for 
immunoprecipitations or tmmunoblots as previously described (Eli- 
ceiri et aL, 1998). Anft-Src and anti-flkl antibodies used in immu- 
moblots were detected with horseradish peroxidase- conjugated 



goat anti- mouse secondary antibodies as previously described (Eli- 
ceiri et al., 1998). 

In Vitro Kinase Assay for Src Kinase 

The kinase activity of endogenous Src kinase was assayed by the 
ability of irnmunopurified Src to phosphorylate a FAK-GST fusion 
protein in an in vitro assay. Src was immunopreciprtated as de- 
scribed above and subjected to a kinase assay, and the samples 
were analyzed by 15% SDS-PAGE and quantitated as described 
previously (Eliceiri et al., 1998). 

Immunostaining and Annexin V Labeling of Apoptotic Cells 
Cryosections of CAMs treated with RCAS-GFP or RCAS-Src 251 
treated with bFGF or VEGF were analyzed for apoptotic cells using 
the Apoptag kit (Oncor, Gaithersburg, MD). Sections were also im- 
munostained with a rabbit polyclonal anti-vWF (Biogenix, San Ra- 
mon, C A) and counterstained with 1 ng/ml DAP1. Fluorescent images 
were captured with a cooled CCD camera (Roper, Trenton, NJl 
and the fluorescent images were processed and exposure matched 
between experimental treatments as previously described (Eliceiri 
et al., 1998). 

To measure the apoptotic index of retrovirus- infected CAM tis- 
sues, F1TC- conjugated annexin V(Clontech, Palo Alto, CA) was used 
to stain cell suspensions, and the washed cells were analyzed by 
flow cytometry. Cell suspensions of CAM ceils were prepared from 
mock- or virus- infected CAMs by digestion with 0.1% (w/v) collage- 
nase type IV (Worthington Biochemicats, Lakewood, NJ) in RPM I 
1640 of minced CAM tissue rocking for 1 hr at 37°C as previously 
described (Brooks et al., 1994b) and filtered through 100 ixM nylon 
mesh (Becton Dickinson, Fountain Lakes, NJ). Fluorescence was 
measured with a FACscan flow cytometer (Becton Dickinson) to 
count 10,000 cells. 

Measurement of vWf staining by FACS was performed with paral- 
lel collagenase digested CAM tissue cell preparations, that were 
fixed in 1.6% paraformaldehyde, permeabilized in 70% ethanol, in- 
cubated the anti-vWf antibody, and detected with a FITC-conju- 
gated secondary antibody. 

Tumor Growth Assay 

The 3 and 6 day DAOY medullob la stoma tumor growth assays were 
performed in the chick CAM essentially as previously described 
(Brooks et al., 1994b). DAOY cells (5 x 10 s ) were seeded on the 
CAM of a 1 0 day embryo. After 7 days, 50 mg tumor fragments were 
dissected and reseeded on another 1 0 day embryo and incubated 
for another 3 or 6 days with the topical application (25 nl) of either 
control RCAS-GFP retrovirus, RCAS-Src 251, or mock treatment 
Tumor resections and weighing were performed in a double blind 
manner removing only the easily definable solid tumor mass (Brooks 
et al., 1994bfc. The wet tumor weights after 3 or 6 days were com- 
pared with initial weight, and the percent change of tumor weight 
was determined for each group. 

Immunofluorescence and Microscopy 

Cryosections of the plugs were also subjected to immunofluores- 
cent staining with an anti-CD34 antibody or an antMlk antibody, 
photographed, and quantitated as described above for the CAM 
angiogenesis assays. 

Whole-mount direct fluorescence of RCAS-GFP- infected tumor 
fragment was accomplished by dissecting a tumor fragment and 
imaging the unfixed tissue directly on a slide with a laser confocal 
microscope (MRC 1024; Bio-Rad, Hercules, CA). 

Murine Matrigel Angiogenesis Assay 

Growth factor-depleted Matrigel (Becton Dickinson) (400 p.1) supple- 
mented with PBS, bFGF (400 ng/ml), or VEGF (400 ng/ml) (Passanrti 
et al., 1992) and murine- specific ecotropic packaging cells ((£>NX- 
Eco; G. Nolan, Stanford) producing retrovirus expressing GFP, Src 
251, or Csk cDNAs was injected subcutaneously in 6- week-old male 
athymic wehi (nu/nu) mice. The plugs remained palpable for 5 days, 
facilitating a direct resection of the phig for further analysis by immu- 
noblotting of plug homoge nates or immunostaining of plug cryosec- 
tions. The accuracy of the quantitative methods was confirmed by 
spectrophotometric analysis of homogenates of plugs from animals 
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that had been intravenously injected with RTC-labeled lectin (J. D. H. 
and D. A. C, unpublished data). 

Intradermal Ear Injections and Miles Assay 
ppeo*"-, pp59 £,yn -, and pp62 c -* M - deficient mice (129/Sv/Ev x 
C57B16/J) were generated as previously described (Soriano et al., 
1991} and were the generous gift of Drs. P. Soriano and P. Stein. 
Additional stocks were obtained from Jackson Labs. Mouse ears 
were Injected intra derma I ty (Eriksson et al., 1980) with 5 pJ of adeno- 
virus expressing either VEGF or p-galactosidase and the ears photo- 
graphed after 5 days with a stereoscope. 

The Miles assay (Miles and Miles, 1952) was adapted for mice by 
injecting 10 fJ of VEGF (400 ng/mll ally! isothlocyanate (mustard 
oil, 20% v/v in mineral oil), or saline intradermally into mice that had 
previously been intravenously injected with 100 u-l of 0.5% Evan's 
blue. After 1 5 min, the skin patches were dissected, photographed, 
and eluted at 56X with formalin and quantitated with a spectropho- 
tometer (ODen)- 

Intracerebral Injection and Determination 
of Blood-Brain Barrier Disruption 

Saline or VEGF (200 ng in 2 jxl) was injected stereotactically into the 
left or right frontal lobe 92 mm to the left/right of the midline, 0.5 
mm rostral from bregma, and 3 mm in depth from the dura, respec- 
tively. The animals received an Evan's blue solution intravenously 
30 min after injection, as described above. After an additional 30 
min, the mice were perfused and the brains were removed. Evan's 
blue fluorescence was observed using confocal laser microscopy 
of fresh unfixed cryosections of the brain. 
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Development of Time-Resolved Immunofluorometric Assayed? Vascular Permeability 
Factor 

Kiang-Teck Yeo, Tracy M. Sioussat, James D. Faix, Donald R. Senger, and Tet-Kin Yeo 



We describe a two-site time-resolved immunofluorometric 
assay for guinea pig vascular permeability factor (VPF) for 
quantifying VPF in different biological fluids. Antibody 
against the carboxy terminus (C-IgG) is immobilized on 
microtiter wells, and antibody against the amino terminus 
(N-IgG) is labeled with Eu 3+ -chelate. Line 10 tumor 
culture medium, known to be rich in VPF, is assayed in a 
two-step incubation. Bound Eu 3+ is then quantified by 
dissociation into a fluorescent enhancement solution, with 
measurement of the time-resolved fluorescence. The 
analytical sensitivity is 0.35 VPF unit, and the intra-assay 
CV is about 20%. The assay is specific for VPF, because 
pre-treatment with the appropriate C- or N-peptide, or 
pre-extraction of VPF, greatly decreases fluorescence. 
The VPF immunoassay is highly correlated (r 2 = 0.94) 
with the Miles permeability assay, the classical bioassay 
of VPF. In addition, the immunofluorometric assay is 
about 30-fold more sensitive than the Miles assay. 

Additional Keyphrases: vascular endothelial growth factor • 
angiogenesis - line 10 tumor culture medium • bioassay com- 
pared 

Vascular permeability factor (VPF), which is secreted 
by various tumor cells, is a highly conserved protein (M r 
34 000-42 000) with potent vascular permeability-en- 
hancing activity that causes accumulation of ascites 
fluid associated with tumor growth (2, 2)} In addition, 
recent studies have shown that VPF is similar or iden- 
tical to vascular endothelial growth factor (VEGF), a 
mitogen specific for endothelial cells (3-7). Thus, tumor- 
secreted VPF (VEGF) may promote tumor angiogenesis 
directly by its mitogenic activity for endothelium. VPF 
(VEGF) may also elicit angiogenesis indirectly by its 
vascular permeability effect, which causes extravasa- 
tion of plasma proteins, including fibrinogen, and depo- 
sition of an extravascular fibrin gel, which provokes 
ingrowth of vascular endothelial cells (8). Currently, the 
precise role of VPF (VEGF) in the pathogenesis of solid 
tumor growth is an area of intense investigation. Im- 
portant to this investigation is the development of a 
simple, sensitive, and specific assay for VPF, preferably 
one that can be used for assaying VPF in various 
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biological fluids and tissue homogenates. 

VPF was first measured by using the Miles assay (9), 
which measures the extravasation of intravenously in- 
jected Evans Blue dye into the dermis of guinea pigs in 
response to intradermal injections of VPF (1). The 
amount of accumulated dye can be quantified by extrac- 
tion and measuring the absorbance at 620 nm (JO). The 
Miles assay has been used widely to detect VPF in 
cell-free culture medium of tumor cells as well as in 
tumor ascites fluid (1, 2). However, this assay is not 
specific because it will detect permeability changes in 
response to other inflammatory mediators besides VPF. 
Also, fluids from different animal species cannot be used 
because foreign proteins commonly elicit nonspecific 
permeability changes, leading to a false-positive Miles 
test. 

We report here a sensitive and specific immunofluo- 
rometric assay for detecting VPF. Antibodies raised 
against the C-terminus of VPF (C-IgG) were immobi- 
lized on microtiter wells and served as the "capture" 
antibody. Antibodies raised against the amino terminus 
of VPF (N-IgG) were labeled with Eu 3+ -chelate and 
served as the "detector" antibody. In the presence of 
VPF, a "sandwich" configuration is formed. After the 
final wash step, bound Eu 3+ is dissociated in the pres- 
ence of /3-diketone/ forming a highly fluorescent chelate 
that can be read in a time-resolved fluorometer. This 
approach is termed "dissociation enhanced lanthanide 
fluoroimmunoassay," or DELFIA (11-14). The reagents 
and equipment required are commercially available. 

Materials and Methods 

Reagents. DELFIA Eu 3+ -labeling kits were purchased 
from Pharmacia-LKB Nuclear, Inc. (Gaithersburg, MD). 
Each kit contained 0.2 mg of labeling reagent [A^ 1 -^- 
isothiocyanatobenzyD-diethylenetriamine-N 1 ^J^JV 3 - 
tetraacetate-Eu 3+ ], a 100 nmol/L Eu 3+ standard, highly 
purified bovine serum albumin (BSA; 75 g/L in 
Tris * HC1, pH 7.8 plus, NaN 3 , 0.5 g/L) stabilizer, en- 
hancement solution (per liter, 15 /xmol of 2-naphthoyltri- 
fluoroacetone, 50 ^imol of tri-n-octylphosphine oxide, 100 
mmol of acetic acid, 6.8 mmol of potassium hydrogen 
phthalate, and 1.0 g of Triton X-100 detergent), assay 
buffer (Tris • HC1 solution, pH 7.8, containing BSA, bo- 
vine gamma globulin, Tween 40, diethylenetriaminepen- 
taacetic acid, and NaN 3 , 0.5 g/L), and wash concentrate 
solution (25-fold concentration of Tris * HCl/NaCl, pH 
7.8, plus Tween 20) (11-14). PD-10 columns, Sepharose 
CL-6B, and Sephadex G-50 were from Pharmacia LKB 
Biotechnology (Piscataway, NJ). Macrosolute concentra- 
tors were from Ami con (Dan vers, MA). Maxisorp micro- 
titer plates and strips (96-well) were obtained from Nunc 



CLINICAL CHEMISTRY, Vol. 38, No. 1 , 1992 71 



.Inc. (Naperville, IL). Serum-free medium (HL-1) was 
purchased from Ventrex Labs. Inc. (Portland, ME). He- 
moglobin crystals were from Sigma Chemical Co: (St. 
Louis, MO). The GammaGone IgG removal device was 
from Genex Corp. (Gaithersburg, MD). 

Buffers. The labeling buffer was 50 rnmol/L NaHC0 3 , 
pH 8.5, containing NaCI, 9 g/L. The elution buffer was 
50 rnmol/L Tris * HC1, pH 7.8, containing 9 g of NaCI 
and 0.5 g of NaN 3 per liter. The coating buffer contained 
phosphate-buffered saline, pH 7.0, and the blocking 
reagent was 30 g/L hemoglobin solution. 

Polyclonal antibodies. Polyclonal antibodies were 
raised against two synthetic peptides that correspond to 
the N- and C-termini of guinea pig VPF (designated 
N-IgG, C-IgG, respectively). In the single letter code, the 
25-amino acid sequence of the N-terminus is APMAE- 
GEQKPREWKFMDVYKRSYC (15\ and the 20-amino 
acid sequence of the C-terminus is YKARQLELNERT- 
CRCDKPRR (4). The C-terminal peptide was synthesized 
by Multiple Peptide Systems (San Diego, CA), and both 
peptides were used for generation of antibodies in rabbits 
as described (25), except that the C-terminal peptide was 
coupled to keyhole limpet hemocyanin with bis-diazo 
benzidine. The antibodies (N-IgG and C-IgG) were affinity- 
purified from rabbit antisera by using the respective 
peptides coupled to CNBr-Sepharose (Pharmacia LKB). 
Bound antibodies were eluted from Sepharose-peptide 
columns with 0.1 mol/L glycine, pH 2.5, and the activity 
against each peptide was determined by an EUSA (16). 
Briefly, we used a 1 g/L solution of peptide.in 10 mmol/L 
NaCI and 10 mmol/L Tris, pH 8.5, to coat a 96-well 
microtiter plate. After blocking with normal human 
serum (100 mL/L) in phosphate-buffered saline, we added 
the respective anti-peptide IgG solution (200-, 2000-, or 
10 000-fold dilution). Antibody binding was detected with 
a peroxidase-labeled goat anti-rabbit antibody (Kirke- 
gaard and Perry Labs. Inc., Gaithersburg, MD) with 
2,2'-azino-di-[3-ethylbenzthiazoline sulfonate] as the en- 
zyme substrate. Color development was determined with 
a THERMOmax microplate reader at 405 nm (Molecular 
Devices, Menlo Park, CA). All affinity-purified IgG prep- 
arations retained strong anti-peptide activities, even at 
10 000-fold dilution. Moreover, both N-IgG and C-IgG 
(when bound to Protein A^epharose) adsorbed VPF 
efficiently from solution, as determined with the Miles 
vessel permeability assay (T. Sioussat et al., manuscript 
in preparation). 

Eu 3+ -labeling of N-IgG. We performed Eu 3+ -labeling 
of the affinity-purified N-IgG according to the DELFIA kit 
protocol with some modifications and pooled and concen- 
trated the affinity-purified antisera to -0.5 g/L, using 
an Amicon Macrosolute concentrator. The PD-10 col- 
umn was pre-equilibrated with 40 mL of labeling buffer, 
and 2 mL of the antisera (0.5 g/L) was loaded on the 
column. We rinsed the column with labeling buffer, 
collected 1.0-mL fractions, and measured the absor- 
bance at 280 nm with a Model U-2000 spectrophotome- 
ter (Hitachi Instruments Inc., Danbury, CT 06810). 
Fractions corresponding to peak absorbance were 
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pooled, and concentrated to -1 mL, which typically 
contained 1.5 g/L IgG concentration (we used an absorp- 
tivity value of 1.34 for 1 g/L of IgG solution to calculate 
IgG concentration). We added 1.0 mL of the IgG solution 
to 0.2 mg of labeling reagent (containing the Eu 3+ - 
chelate) and mixed it gently on a rotator for 16 h at room 
temperature. 

Purification of Eu 3+ -labeled IgG. Sepharose CL-6B 
was poured into a 1.5 x 30 cm column to a height of 18 
cm. Next, we added pre-swollen Sephadex G-50 to a 
height of 28 cm and equilibrated the column with 180 
mL of elution buffer. The Eu 3+ -labeled IgG reaction 
mixture was added and fractionated on this column. We 
rinsed the column with elution buffer, collected 60 1-mL 
fractions, and measured their absorbance at 280 nm. We 
diluted a small aliquot of each fraction 10 000-fold with 
enhancement solution and determined the fluorescence 
with a 1232 DELFIA time-resolved fluorometer (Pharma- 
cia Diagnostics, Fairfield, NJ), in which a pulsed xenon 
flash at 340 nm and electronic gating were used to 
detect fluorescence at 613 nm between 400 and 800 ps 
after the excitation flash. 

Characterization of Eu 3+ -labeled N-IgG. Fractions 
corresponding to peak IgG absorbance (280 nm) and 
fluorescence were pooled (usually, fractions 25 to 33) 
and the resulting absorbance (280 nm) and fluorescence 
(10 000-fold dilution) were determined. The yield of 
Eu 3+ /IgG was calculated as described in the DELFIA kit 
protocol (typically, 10 Eu 3+ /IgG). To increase the stabil- 
ity of the Eu 3+ -labeled N-IgG, purified BSA was added 
to a final concentration of 1.0 g/L. 

Coating of microtiter strips. We added 50 fxh of a 
50-fold dilution of C-IgG (stock concentration of 0.64 g/L 
in phosphate-buffered saline) to each well of the micro- 
titer strips, and incubated the plate overnight at 4 °C on 
a shaker. Thereafter, we washed the wells six times 
with DELFIA wash buffer, and blocked by incubation 
with 30 g/L hemoglobin solution at 20 °C for 2 h with 
gentle shaking. Plates were washed six times with 
DELFIA wash buffer before use. 

Line 10 cell cultures. Line 10 tumor cells from guinea 
pig were grown as suspension cultures in serum-free 
defined medium HL-1 as described previously (17). Con- 
ditioned line 10 medium, which contains large amounts 
of VPF, was centrifuged and frozen at -70 °C to serve as 
calibrators. 

Immunoassay procedure. We used freshly coated mi- 
crotiter strips on the same day to assay VPF. We added 
50 pL of various dilutions of line 10 conditioned media 
(using HL-1 medium as the diluent) to each well and 
incubated at 20 °C for 2 h with gentle shaking. After six 
washes with wash buffer, we added 50 pL of Eu 3+ - 
labeled N-IgG (diluted appropriately in assay buffer), 
incubated for another 2 h at 20 °C, and again washed six 
times. Finally, we dispensed 200 pL of enhancement 
solution into each well, and after 5 min of gentle 
shaking, read the absorbance of the plate in the 1232 
DELFIA fluorometer. 

Miles vessel permeability assay. We assayed the bio- 



activity of VPF in the line 10 culture medium prepara- 
tions, using the Miles assay as described previously (i, 
17). 

Results 

Preparation and purification of Eu 3+ -labeled N-IgG. 
Eu 3+ labeling of affinity-purified antibodies directed 
against the N-terminal region of VPF was performed as 
described in Materials and Methods. The Sepharose 
6B/Sephadex G-50 chromatographic profile in Figure 1 
shows two distinct peaks. The first peak (I) corresponds 
to Eu 3+ -Iabeied N-IgG, and the second peak (II) repre- 
sents unreacted Eu 3+ -chelate. For this reason, we 
showed in a separate experiment that >90% of the 
fluorescence associated with peak I could be removed by 
an IgG-removing device (Gammagone), indicating that 
peak I comprised mainly Eu 3+ -Iabeied N-IgG. We 
pooled fractions 25-33, corresponding to Eu 3+ -labeled 
N-IgG, and determined the corrected protein concentra 
tion to be 115 mg/L (using the absorptivity value of 1.34 
mentioned above, with corrections for absorbance of the 
thiourea bonds of -0.008 A per /rniol/L). We calculated 
the specific activity of the Eu 3+ -labeled N-IgG to be -10 
Eu 3+ /IgG, using a 1 nmol/L Eu 3+ standard as described 
in the DELFIA kit protocol. 

Optimization of VPF immunoassay. To determine the 
optimal dilution of Eu 3+ -N-IgG, we studied the effect of 
various amounts of N-IgG on the VPF binding curve. 
Microtiter plate wells were immobilized with a constant 
amount (225 ng/well) of C-IgG. Because pure VPF is not 
available, we used line 10 tumor cell conditioned me- 
dium, which is rich in VPF (27), to standardize the 
assay. We used the same lot of line 10 conditioned 
medium in all experiments. The concentration of VPF 
was expressed in arbitrary units, i.e., 100 units is 
defined as the amount of VPF in our batch of undiluted 
line 10 tumor cell conditioned medium. We arbitrarily 
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Fig. 1. Chromatographic profile of Eu 3+ -iabeled N-IgG 
Absorbance at 280 nm (O) and fluorescence (•) were determined on fractions 
collected from a Sepharose 6B/Sephadex G-50 column. Each fraction was 
diluted 10 0OO-fold before fluorescence measurements, and results were 
expressed as total counts/s. Peak I denotes the Eu 3 * -labeled N-IgG and peak 
II represents the free Eu 3 *-chelate. Typical labeling yield is -10 Eu 3+ per IgG 
molecule 



defined "signal" as the fluorescence obtained with undi- 
luted line 10 conditioned medium, and "noise" as the 
nonspecific fluorescence associated with HL-1 medium 
(0 unit). Thus, the signal-to-noise ratio is defined as 
fluorescence 100 units /fluorescence 0 unit . The effect of vary- 
ing the N-IgG dilution (from five- to 50-fold) is shown in 
Figure 2A. We determined that 50-fold diluted N-IgG 
gave a maximal signal-to-noise ratio of 83 (Figure 2B). 

In a separate experiment, we studied the effect of 
varying the C-IgG dilution, keeping Eu 3+ -N-IgG con- 
stant at 115 ng/well. As shown in Figure 3, we obtained 
a maximal signal-to-noise ratio of 89 with 30-fold di- 
luted C-IgG (1000 ng/well). However, because of our 
limited supply of C-IgG, we decided to use a 50-fold 
dilution of C-IgG (640 ng/well) to coat the microtiter 
wells; at this concentration, the signal-to-noise ratio 
was close to maximal at 80. For all subsequent experi- 
ments, we coated microtiter plate wells with 50-fold 
dilution of C-IgG, and bound VPF was detected with 
50-fold dilution of Eu 3+ -N-IgG. 

Sensitivity and intra-assay CV of VPF immunoassay. 
To assess the analytical sensitivity of the VPF assay, we 
prepared line 10 conditioned medium corresponding to 
0.25 unit, 0.50 unit, and 1.00 unit by diluting with HL-1 
medium, then assayed these 10 times. HL-1 medium 
devoid of VPF served as the zero standard. The sensi- 
tivity or minimal detectable dose (defined as +2 SD 
above the zero standard), determined by extrapolation 
fron>4Jbe standard curve, was -0.35 unit (Figure 4A). 
The intra-assay CV was <20% at 0.50 unit (Figure 4B). 

Specificity of VPF immunoassay. Because the format 
of this assay depended on C-IgG as the capture antibody 
and Eu 3+ -N-IgG as the detector antibody, we used 
peptides corresponding to the N- and C-termini of VPF 
to demonstrate the assay specificity. As shown in Figure 
5, inclusion of C-VPF, N-VPF, or both peptides in the 
assay inhibited the binding of VPF in line 10 medium by 
—80%. In addition, when VPF was selectively removed 
from line 10 conditioned medium (by unlabeled N-IgG 
followed by incubation with Protein A-Sepharose and 
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Fig. 2. Optimization of Eu 3+ -labeled N-IgG 

Eu 3+ -labeled N-IgG was used at various titers (at constant C-IgG) to deter- 
mine the optimal titer. Signal-to-noise ratio is arbitrarily defined as fluores- 
cence^ unto/fluorescence^ unit) . A: calibration curves at 50-foW (O). 30-foW 
(O), 10-fold (A), and fivefold (□) dilution of N-IgG. B: effect of antibody 
dilutions on the signal-to-noise ratio 
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Fig. 3. Optimization of C-IgG 

A: C-tgG was coated at 100-fold (O), 75-fold (O), 50-fold (A), and 30-fold (D) 
dilution, at constant Eu 3+ -labeled N-IgG concentration to determine the 
optimal concentration for the assay. B: effect of antibody dilutions on the 
signal-to-noise ratio 
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Fig. 4. Sensitivity and intra-assay CV of VPF immunofluorometric 
assay 

Each point in A represents the mean of 10 determinations, and th$error bar 
represents ±2 SD. B: intra-assay CV of VPF as a function of VPF dose 

centrifugation), little fluorescent signal remained in the 
supernatant solution. In addition, when guinea pig 
serum containing platelet-derived growth factor and 
other growth factors was assayed, no VPF was detected 
(data not shown). 

Correlation of VPF immunoassay with Miles perme- 
ability assay. We prepared and tested various concen- 
trations of VPF from line 10 medium in both the Miles 
permeability assay and the VPF immunofluorometric 
assay. For the Miles assay, the amount of local dye 
development due to VPF permeability-enhancing activ- 
ity was quantified by absorbance at 620 nm as described 
earlier (17). The VPF immunofluorometric assay was 
more sensitive than the Miles permeability assay; at a 
dose of 0.35 unit of VPF, the immunoassay gave values 
that were markedly different from zero (Figure 4A). In 
contrast, the sensitivity of the Miles permeability assay 
/l^)extended to only -10 units (Figure 6). There was an 
Qy^^ excellent linear correlation (r 2 = 0.94) between the 
f Miles permeability assay and the VPF immunoassay at 
p>vf ^ti) VPF concentrations >10 units (Figure 6, inset). 

( ^6^%iscussion 

Immunofluorometric assays involving Eu 3 *-chelate 
as the label are characterized by low-end sensitivity and 
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Fig. 5. Specificity of VPF immunoftuorometric assay 
Line 10 medium was used as the positive control and HL-1 medium was the 
negative control. C-peptide of VPF (final concentration 80 mg/L) was included 
during the first incubation with the sample. The N-peptide (final concentration 
80 mg/L) was pre-incubated with the Eu 3+ -labeled N-fgG and added during the 
second incubation. N-IgG pretreatment refers to line 10 medium that has been 
pre-extracted for VPF by using the N-IgG. Error bars denote ± SEM 
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Fig. 6. Correlation of VPF immunoassay and Miles assay 
Line 10 conditioned media at various concentrations were prepared for Miles 
assay (O) and VPF fluoroimmunoassay (•) by diluting with HL-1 medium. 
Each point and its respective error bar represent the mean ± SEM of duplicate 
determinations. For the Miles assay, two animals were used to generate each 
point. Inset correlation of the Miles and the VPF immunoassay at concentra- 
tions >10 units 



wide dynamic range. The principles underlying these 
advantages have been reviewed recently (18). The large 
Stokes shift of Eu 3+ -chelate and the time-resolved na- 
ture of the fluorometric measurements yield a high 
signal-to-noise ratio. Because of the longer decay time of 
the Eu 3+ -chelate (>500 /xs), readings can be determined 
between 400 and 800 }xs to decrease nonspecific fluores- 
cence, which typically has shorter decay times (-0.01 
fis). This feature minimizes the endogenous nonspecific 
fluorescence of various biological specimens, making it 
especially attractive as a method to measure VPF in 
both tumor cell culture medium and in biological fluids. 

We prepared affinity-purified N- and C-termini anti- 
bodies to guinea pig VPF and used the DELFIA approach 
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to develop a sensitive and specific immunofluorometric 
assay of VPF. We also demonstrated that our fluoroim- 
munoassay provides a quantitative measure of VPF in 
line 10 tumor cell culture medium. Although absolutely 
pure VPF is unavailable for standardization, we showed 
good correlation between the VPF immunoassay and the 
Miles bioassay with line 10 medium, thus confirming 
that the immunoassay is measuring bioactive VPF. We 
are confident that the immunoassay is measuring VPF in 
the physiologically relevant range because the dynamic 
range correlates well with the dynamic range of the 
Miles bioassay. 

The VPF immunofluorometric assay has a minimal 
detection limit of 0.35 unit, and is —30 times more 
sensitive than the Miles permeability assay. In addi- 
tion, the immunoassay is much more precise and sim- 
pler to perform, is readily automatable, and can 
sure several specimens rapidly and inexpensive^lyTln ; 
separate study, we used the VPF immunoassay to mea- 
sure VPF in ascites fluid, serum, and urine to study the 
potential role of VPF in tumor-elicited ascites fluid 
accumulation (19). We have also currently adapted the 
VPF immunofluorometric assay to measure VPF in 
human fluids to study its potential diagnostic utility in 
the pathogenesis of tumor metastases and the often 
accompanying fluid accumulation found in pleural and 
peritoneal cavities (19). 
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